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Nomenclature
Roman symbols and abbreviations
aRSI,norm parameter for the calculation of RSI derived circumsolar contributions
ascatt,i parameter of the scattering correction for SAM’s aureole radiance measurement
(i ∈ {1, 2})
ACTRIS Aerosols, Clouds and Trace Gases Research Infrastructure Network
AERONET Aerosol Robotic Network
AM airmass
AR parameter in HFLCAL defining the radial distance between consecutive heliostat
rows
ASTM American Society for Testing and Materials
ath height of the receiver center
bRSI,norm parameter for the calculation of RSI derived circumsolar contributions
BCirc circumsolar irradiance blocked by the RSI’s shadowband
BPI Black Photon Instruments
BR parameter in HFLCAL defining the radial distance between consecutive heliostat
rows
Cind(αin, 3.2
◦) circumsolar indicator; average of the well irradiance in the region indicating the
circumsolar irradiance between the angles αin and 3.2
◦
cprob constant for the normalization of the probability function that describes the sun-
shape in SPRAY
cRSI parameter for the calculation of RSI derived circumsolar contributions
cw/s average of all ratios Uw/Us that are used for the calibration of the Black Photon
Instruments CSR460 sensor
CCD charge coupled device
CIEMAT Centro de Investigaciones Energe´ticas, Medioambientales y Tecnolo´gicas
CMOS complementary metal oxide semiconductor
CNRS Centre National de la Recherche Scientifique
COV coefficient of variation
CSNI circumsolar normal irradiance
CSNIexp experimental circumsolar normal irradiance for a given pyrheliometer
CSP concentrated solar power
CSRalg broadband circumsolar ratio derived using the spectral scaling algorithm included
in the SFERA system
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8 NOMENCLATURE
CSRBB broadband circumsolar ratio
CSRBB,uncorr CSR measured with the SFERA system before the application of the soiling
correction
CSRBP CSR derived from the BPI sensor
CSRcloud(λ) spectral CSR caused by clouds
CSRDLRMean CSR of the sunshape DLRMean
CSRexp experimental CSR for a given pyrheliometer
CSRfilter circumsolar ratio measured with the LBL circumsolar telescope and a bandpass
filter
CSRGapFit CSR calculated from the sunshape after the application of the gap-filling routine
CSRorig CSR calculated from the original scan before removing some angles
CSRprelim,n(λ) preliminary circumsolar ratio calculated during the spectral scaling of the aureole
radiance (n ∈ {1, 2, 3})
CSRref reference circumsolar ratio
CSRSMARTS(λ) cloudless spectral CSR calculated using a modified version of SMARTS 2.9.5
CSRSSS CSR of the standard solar scan
CSR(αin, αout) circumsolar ratio calculated for the circumsolar region defined by the angles αin
and αout
CSR(αout) circumsolar ratio calculated for the circumsolar region defined by the current
solar disk angle αdisk and αout
daper aperture width of a parabolic trough collector
Dray probability density function corresponding to the sunshape for SPRAY
Drows distance between two collector rows in a parabolic trough plant
DHI diffuse horizontal irradiance
DirHI(αout) direct horizontal irradiance including radiation up to the angle αout from the
center of the sun regardless of whether or not the photons were scattered
DLR Deutsches Zentrum fu¨r Luft- und Raumfahrt e.V. (German Aerospace Center)
DNI direct normal irradiance
DNI0,BB extraterrestrial broadband DNI
DNI0(λ) spectral normal irradiance at the top of the atmosphere for the current distance
between earth and sun
DNI0,SAM spectral extraterrestrial DNI for the SAM wavelength
weighted with the SAM filter transmittance
DNIeff effective DNI for a parabolic trough plant
DNIexp experimental DNI
DNIref reference irradiance used for the SAM’s disk camera post-calibration
DNISAM (λ, α) spectral DNI determined from the SAM radiance measurement for the wavelength
λ including radiation up to an angular distance α from the center of the sun
DNItest test irradiance used for the SAM’s disk camera
post-calibration
NOMENCLATURE 9
DNI(αout) normal irradiance caused by the radiation observed within αout around the sun’s
center (half angle), independent of whether or not the photons were scattered
F app aperture area of the power plant
fcircum,off factor for the determination of the burst region that is used as an indicator for
the circumsolar irradiance
fdge parameter derived from DNI, GHI and the solar elevation by Neumann et al.
[1998]
fedge factor for the determination of the burst’s signal edges
FOV field of view
FOVLBL field of view of the LBL circumsolar telescope used for the innermost 0.49
◦ of the
sunshape
FOVCimel FOV of the CIMEL sun photometer (third generation, half angle)
FPACK parameter in HFLCAL defining the extension of the region with maximum he-
liostat density
GHI global horizontal irradiance
HFLCAL Heliostat Field Layout Calculation
IBSky sky irradiance that is blocked by the shadowband during the measurement of the
circumsolar irradiance
Iwell,max,L maximum of the well irradiance on the left side of the well’s minimum
Iwell,min minimum of the irradiance in the well
IAM incident angle modifier
IAMET incident angle modifier for one half of an EuroTrough 150 collector without cosine
losse, but including end losses
IAMwoATR incident angle modifier for one collector half of the EuroTrough 150 including
end losses, but without cosine losses, absorptance, transmittance and reflectance
effects
IAMwoATR,pre unnormalized incident angle modifier for one collector half of the EuroTrough
150 including end losses, but without cosine losses, absorptance, transmittance
and reflectance effects
IEA International Energy Agency
ISO International Organization for Standardization
kext mass extinction cross section
ksoil parameter of the soiling correction for CSRs measured with the SFERA system
K&Z Kipp and Zonen
Laero radiance from the AERONET almucantar
Lavg,disk mean solar disk radiance for a SAM measurement
LBuie,rel sunshape described with the Buie model
Lcorr scattering corrected radiance measurement
Lref reference radiance for the aureole post-calibration of the SAM
LSAM weighted average of the SAM measurement Lcorr within the sun photometer’s
FOV
10 NOMENCLATURE
LBB broadband solar radiance
LBL Lawrence Berkely Laboratory
L (λ, θsc) spectral radiance for the wavelength λ at scattering angle θsc
METAS Meteorological Station for Solar Technology
MYSTIC Monte Carlo Code for the Physically Correct Tracing of Photons in Cloudy At-
mospheres
Ncircum number of irradiance values used to determine the circumsolar indicator in the
burst
NColl number of collectors in a parabolic trough plant
nCSR frequency of six CSR intervals from the DLR sunshape camera
NRowsShad number of parallel collector rows in a parabolic trough plant
Nsky parameter used to determine the sky irradiance that is blocked by the shadow-
band during the measurement of the circumsolar irradiance
NIST National Institute of Standards and Technology, USA
OPAC optical properties of aerosols and clouds dataset
Pabs thermal power that is absorbed by the receiver surface
Pacc(α) penumbra function or angular acceptance function
Pavail available solar power
Pinter heat flux intercepted by a CSP collector
Pinter,end heat flux intercepted by a line-focusing CSP collector with an endless receiver
tube
Pinter,n intercepted power for receiver element n of the EuroTrough module simulated in
SPRAY
pmin position of the minimum of a burst
Prec net thermal power transferred to the heat transfer fluid after considering the
thermal losses of the receiver
Prec,disk power transferred to the heat transfer fluid after considering the thermal receiver
losses calculated with a disk sunshape
Prec,DLRMean power transferred to the heat transfer fluid after considering the thermal receiver
losses calculated with the sunshape DLRMean
Prec,SSS power transferred to the heat transfer fluid after considering the thermal receiver
losses calculated with the standard solar scan
Prec,std power transferred to the heat transfer fluid after considering the thermal receiver
losses calculated with standard sunshapes sunshapes
Prec,var power transferred to the heat transfer fluid after considering the thermal receiver
losses calculated with measured sunshapes
Prefl,unbl,trans reflected, unblocked heat flux that was transmitted by the atmosphere between
the CSP collector’s mirror and the receiver
PSF thermal power transferred from the solar field to the power block or the storage
pshoulder,L position of the left shoulder value of the RSI measurement
PCC Pearson correlation coefficient
NOMENCLATURE 11
PHOTONS Photome´trie pour le Traitement Ope´rationnel de Normalisation Satellitaire
PSA Plataforma Solar de Almer´ıa
Qdump,day,var daily heat that is dumped due to overload calculated with the measured sun-
shapes
QPB heat delivered to the power block
QPB,day,disk heat delivered to the power block in one day calculated with the disk sunshape
QPB,day,DLRMean heat delivered to the power block in one day calculated with DLRMean
QPB,day,SSS heat delivered to the power block in one day calculated with the standard solar
scan
QPB,day,var heat delivered to the power block in one day calculated with the measured sun-
shapes
QPB,std heat delivered to the power block in one year calculated with a standard sunshape
QPB,var heat delivered to the power block in one year calculated with the measured sun-
shapes
rs distance between the earth and the sun
rscatt radius of the scatterers
RIMA Red Ibe´rica de Medida Fotome´trica de Aerosoles
RMSD root mean square deviation
RMSDrel root mean square deviation of the ratios ρaur,Aero/SAM within given CSR inter-
vals devided by ρaur,Aero/SAM,avg
RMS root mean square
RSI Rotating Shadowband Irradiometer
RSP Rotating Shadowband Pyranometer
RSR Rotating Shadowband Radiometer
si points within a material, i ∈ {1, 2}
SAM Sun and Aureole Measurement Instrument
SFERA Solar Facilities for the European Research Area
SMARTS Simple Model of the Atmospheric Radiative Transfer of Sunshine
SPRAY Solar Power Raytracing Tool
SSPS Small Solar Power Systems
SSS standard solar scan
Steps resolution for the genetic optimization of the power plant
SZA solar zenith angle
t time
T transmittance
Tcloud cloud transmittance
Tλ spectral transmittance
TSAM,n spectral transmittance of the SAM’s filters determined under the assumption of
different central wavelengths n, n ∈ {668 nm, 670 nm, 672 nm}
12 NOMENCLATURE
theta tilt angle of the tower plant’s receiver
Us voltage from the Si-sensor of the Black Photon Instruments CSR460 sensor that
will be used with a smaller slope angle for the measurement of circumsolar radi-
ation
Uw voltage from the Si-sensor of the Black Photon Instruments CSR460 sensor that
will be used with a wider slope angle for the measurement of circumsolar radiation
UAE United Arab Emirates
USTART parameter in HFLCAL defining the maximum allowed distance between heliostats
within a row
w¯ single scattering albedo
wDNI weighting factor for the calculation of the disk DNI weighted average sunshape
from the DLR sunshape camera
wrec,n number of receiver elements within one collector that are represented by the
simulated receiver element n in SPRAY
wwell width of the RSI well
WMO World Meteorological Organization
Greek Symbols
αAng,n modified A˚ngstro¨m exponents from Bird [1984] (n ∈ {1, 2})
α angular distance from the center of the sun
αacc acceptance angle of a CSP plant
αAng A˚ngstro¨m exponent
αdisk solar disk angle (half angle)
α¯disk average of a time series of solar disk angles
αin minimum angular distance from the center of the sun that is interpreted as cir-
cumsolar region
αlim,SAM maximum angle of the radiance data measured with the SAM
αn angular distance from the center of the sun for wavelength λn, n ∈ {1, 2}
αout maximum angular distance from the center of the sun that is interpreted as
circumsolar region
αsphot angular distance between the sun center and the point in the sky that is in the
center of the sun photometer’s field of view
βAng A˚ngstro¨m coefficient
βAng,1 modified A˚ngstro¨m coefficient in the model from Bird [1984]
βK parameter of the Kuiper extraterrestrial sunshape model
γ slope of the aureole radiance (if described as a power-law function in a log-log
space)
∆relCS(αin, αout) circumsolar contribution of an annular region of the circumsolar region
∆relCSBP relative deviation between the two pyrheliometers with different collimators of
the BPI CSR460 sensor
∆relCSref,exp reference value for the relative deviation between the two pyrheliometers of the
BPI sensor determined from the sunshape measurements
NOMENCLATURE 13
∆relCSNIλ uncertainty of SAM’s aureole irradiance measurement
∆relCSpart partial circumsolar contribution derived from BCirc
∆relCSref circumsolar contribution derived from the SFERA system
∆relCSRSI circumsolar contribution derived from the RSI
∆rel,SSS−var relative deviation of Prec,SSS from Prec,var
∆CSRBB uncertainty of the broadband CSR measurement from the SFERA system
∆CSRBB,incl.soil uncertainty of the CSR measurement from the SFERA system including the effect
of soiling
∆CSRBB,N uncertainty of the broadband CSR measurement from the DLR sunshape camera
∆CSRMISC,BB uncertainty of the SFERA system’s broadband CSR caused by a combination of
effects
∆CSRpol,rad,BB uncertainty of the CSR derived from the SFERA system due to radiometric errors
except of instrumental scattering
∆CSRrad,BB uncertainty of the CSR derived from the SFERA system due to radiometric errors
∆CSRscatt,BB uncertainty of the CSR derived from the SFERA system due to instrumental
scattering
∆CSRspec,BB uncertainty of the SFERA system’s broadband CSR caused by spectral effects
∆DNI(λSAM,αdisk) uncertainty of the spectral disk DNI derived from SAM measurements
∆DNIaero uncertainty of the spectral DNI caused by the uncertainty of the sun photometer
measurement
∆DNICOV uncertainty of the spectral DNI derived from the COV
∆DNIext uncertainty of the extraterrestrial spectral irradiance
∆DNIfilt uncertainty of the spectral DNI caused by the uncertainty of the SAM’s filter
transmittance
∆DNIspecor uncertainty of the spectral DNI caused by the deviation between the AERONET
and the SAM filter transmittances
∆DNITLC uncertainty of the spectral DNI remaining after the temperature and linearity
correction
δI gradient of the burst irradiance with respect to the measurement point number
∆ksoil relative uncertainty of ksoil
ζ indeterminate of the polynomials used for the description of the extraterrerstrial
spectral sunshapes from Pierce and Slaughter [1977] and Pierce et al. [1977]
ηabs,rec absorptance of the receiver
ηblock blocking efficiency in a tower plant
ηend end loss efficiency of a line-focusing CSP collector
ηfield field efficiency of a tower plant
ηinter intercept factor
ηinter,disk intercept factor calculated with a disk sunshape
ηinter,DLRMean intercept factor calculated with DLRMean
ηinter,exp experimental intercept factor for a specific penumbra function
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ηinter,SSS intercept factor calculated with the standard solar scan
ηinter,var intercept factor calculated with the measured sunshapes
ηopt optical efficiency of a CSP plant
ηrefl reflectance of a solar concentrator
ηrefl,0 reflectance of the EuroTrough collector for normal incidence
ηshad shading efficiency of a parabolic trough plant
ηth,pipe piping efficiency of the CSP plant
ηth,rec thermal efficiency of the EuroTrough receiver tubes
ηtrans,rec transmittance of the receiver’s entrance window or envelope tube
θi incidence angle
θSAA solar azimuth angle
θsc scattering angle
θsc,n scattering angle for wavelength λn, n ∈ {1, 2}
θSZA solar zenith angle
κ point of interception of the aureole radiance (if described as a power-law function
in a log-log space)
κA,T,R incident angle modifier for the incidence angle dependence of the transmittance,
absorptance and reflectance in an EuroTrough collector
λ wavelength
λclosest central wavelength of the AERONET filter that is closest to that of the SAM
filters
λn wavelength, n ∈ {1, 2}
λSAM central wavelenght of the SAM’s bandpass filters
ρaur,Aero/SAM ratio of AERONET and SAM radiances used for the SAM’s post-calibration
ρaur,Aero/SAM,avg average of the ratio of AERONET and SAM radiances used for the SAM’s post-
calibration after the exclusion of outliers within the CSR bin 0.01 to 0.45
ρaur,Aero/SAM,CSR average of the ratio of AERONET and SAM radiances used for the SAM’s post-
calibration after the exclusion of outliers within defined CSR bins
ρtrack tracking angle of a parabolic trough collector
ρmat mass density
σ standard deviation
σbeam,tot standard deviation describing the total angular deviation of the reflected ray
relative to the ideal path
σopt standard deviation of the Gaussian distribution assumed for the description of
the optical errors of a collector
τ optical depth (= optical thickness)
τaero(λ) aerosol optical depth at wavelength λ
τBird(λ) aerosol optical depth determined from modified A˚ngstro¨m parameters as defined
in Bird [1984] at wavelength λ
τNO2 optical depth for nitrogen dioxide
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τO3 optical depth for ozone
τRayl optical depth due to Rayleigh scattering
τtot,Cimel total optical depth measured with the Cimel sun photometer
τtot,s total slant path optical depth
τcloud(λ) cloud optical depth at wavelength λ
φ azimuthal angle measured relative to the center of the sun
φalmu azimuthal angular deviation between the sun photometer’s position and the solar
azimuth
Ψ phase function
ωRS the angle of rotation of the shadowband from its lowest position towards the east
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Abstract
Depending on the atmospheric conditions, a considerable fraction of solar radiation is scattered towards
the circumsolar region. Circumsolar radiation is only partially used by concentrating collectors and has
to be considered for performance evaluation of CSP plants. No information on circumsolar radiation is
available for some sites that are currently of interest for CSP projects. Hence, sunshape measurement
systems are developed and applied in this work. The measurements from two sites are evaluated in
order to characterize circumsolar radiation and its effect on CSP plants.
One of the developed systems, the SFERA system, consists of the SAM instrument, a sun pho-
tometer and post-processing software. The overall uncertainty of the SFERA system is a significant
improvement compared to previous measurement systems, e.g. the former DLR sunshape camera. One
and a half years of measurements with the SFERA system from PSA (Plataforma Solar de Almer´ıa)
and approximately one year from Masdar are evaluated and compared to previous measurements. The
SFERA average sunshape for the exemplary data from PSA is similar to the standard solar scan (SSS).
The average sunshape for the exemplary dataset from Masdar has a circumsolar ratio (CSR) that is
about twice as high as that of the SSS and the SFERA result for PSA.
The correct processing of time series of circumsolar radiation data is discussed and implemented
for the raytracing tool SPRAY. EuroTrough plants and tower plants are modeled at PSA and Masdar.
Significant errors occur when calculating with so-called standard sunshapes instead of measurements
for the instantaneous received power and also for the daily and the annual heat that is provided
to the power block. Raytracing with a disk sunshape leads to overestimation of the annual yield.
Overestimation of 1.6 % is obtained for the tower at PSA and 3.9 % for Masdar. Even for the troughs
the overestimation is noticeable when calculating with the disk sunshapes. Approximately 0.5 %
overestimation occurs for PSA and 1.1 % for Masdar.
A remarkable overestimation is also found for the tower plant at Masdar when calculating with
existing average sunshapes as the SSS or the sunshape “DLRMean”. The overestimation is 1.7 % for
DLRMean and 2.1 % for the SSS. For the tower at PSA, calculating with the average sunshapes results
in relatively small overestimation (0.7 % for the SSS, 0.5 % for DLRMean).
The deviations of the annual yield for the trough in Masdar are smaller than for the tower. The
SSS results nearly in the same annual yield as the sunshape measurements and DLRMean causes
overestimation of about 0.4 %. For PSA, average sunshapes lead to underestimation of up to -0.4 %.
Based on the raytracing result, parameters for the description of the effect of circumsolar radiation
on the exemplary plants are studied. The CSR and also the circumsolar contribution (e.g. from the
region between 0.64° and 3.2° distance from the sun’s center) are promising parameters for simple
models for the effect of circumsolar radiation on the efficiency of CSP plants.
Circumsolar radiation measurements should be included in solar resource assessment, plant de-
sign, yield assessment, plant operation and CSP performance tests. In the best case, the circumsolar
radiation measurements are represented by sunshape measurements. However, also the less demand-
ing measurement of the CSR or the circumsolar contribution can be sufficient. Hence, alternative
measurement systems are investigated in this thesis.
One of the tested systems is the Black Photon Instruments CSR460 sensor. It uses two pyrheliome-
ters with different penumbra functions. The relative deviations between the two pyrheliometers agree
well with the relative deviations expected from the SFERA measurements. Also a method to derive
the CSR from these deviations is tested. The accuracy of this CSR determination is lower than for
the SFERA system as the involved Buie sunshapes are steeper than most of the measured sunshapes.
Furthermore, an algorithm is developed that allows the determination of circumsolar contributions
with rotating shadowband irradiometers.
The now available sunshape measurement systems and the correct processing method of circumsolar
radiation data in raytracing tools can further improve the accuracy of CSP plant yield assessment.
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Kurzfassung
Unter bestimmten atmospha¨rischen Bedingungen wird ein merklicher Teil der Solarstrahlung in die
Zirkumsolarregion gestreut. Zirkumsolarstrahlung wird nur teilweise von konzentrierenden Solarkraft-
werken (engl. Concentrating Solar Power, CSP) genutzt und muss bei der Effizienzbewertung der
Kraftwerke beachtet werden. Fu¨r einige nun fu¨r CSP Projekte relevante Regionen liegen keine In-
formationen u¨ber Zirkumsolarstrahlung vor. Deshalb werden in dieser Arbeit Sunshape Messsysteme
entwickelt und angewandt. Messungen von zwei Standorten werden ausgewertet, um die Zirkumsolar-
strahlung und ihren Effekt auf CSP zu charakterisieren.
Eins der entwickelten Systeme, das SFERA System, besteht aus dem SAM Instrument, einem
Sonnenphotometer und Datenverarbeitungssoftware. Die Gesamtunsicherheit des SFERA Systems ist
deutlich besser als die von vorherigen Messsystemen, wie z.B. der fru¨heren DLR Sunshape Kamera.
Anderthalb Jahre Messungen des SFERA Systems von der PSA (Plataforma Solar de Almer´ıa) und
ca. ein Jahr Messungen von Masdar werden ausgewertet und mit vorherigen Messungen verglichen. Die
mittlere Sunshape fu¨r die Beispieldaten der PSA a¨hnelt dem sogenannten “standard solar scan” (SSS).
Die mittlere Sunshape fu¨r Masdar hat ein ca. zweimal ho¨heres Zirkumsolarverha¨ltnis (engl. circumsolar
ratio, CSR) als der SSS und als das Ergebnis fu¨r die PSA.
Die korrekte Prozessierung von Zirkumsolarstrahlungs-Zeitreihen wird diskutiert und fu¨r das Strahl-
verfolgungsprogramm SPRAY implementiert. EuroTrough und Turm-Kraftwerke werden fu¨r die Stand-
orte PSA und Masdar modelliert.
CSP Simulationen mit Standard-Sunshapes statt Messungen ergeben signifikante Fehler der instan-
tanen empfangenen Leistung und der dem Kraftwerksblock in einem Tag oder einem Jahr u¨berfu¨hrten
Wa¨rme. Modellierung mit einer Sunshape, die nur die Region innerhalb der Sonnenscheibe einschließt,
fu¨hrt zu U¨berscha¨tzung des ja¨hrlichen Ertrags. Fu¨r das Turmkraftwerk werden in Masdar 3,9 % U¨ber-
scha¨tzung berechnet, fu¨r die PSA 1,6 %. Auch fu¨r die Tro¨ge ist die U¨berscha¨tzung merklich. Fu¨r die
PSA ist die U¨berscha¨tzung ungefa¨hr 0,5 % und fu¨r Masdar 1,1 %.
Auch wenn mit den Standard-Sunshapes SSS oder “DLRMean” gerechnet wird, ist die U¨berscha¨t-
zung des Ertrags fu¨r das Turmkraftwerk in Masdar bemerkenswert. Fu¨r DLRMean ist diese 1,7 % und
fu¨r SSS 2,1 %. Fu¨r das Turmkraftwerk auf der PSA ist die U¨berscha¨tzung kleiner (0,7 % fu¨r SSS; 0,5 %
fu¨r DLRMean).
Die Abweichungen fu¨r das EuroTrough Kraftwerk in Masdar sind kleiner als fu¨r den Turm. Fu¨r SSS
ist der bestimmte Ertrag fast identisch mit dem fu¨r die Messungen und DLRMean resultiert in einer
U¨berscha¨tzung von 0,4 %. Fu¨r die PSA und den Trog fu¨hren Standard-Sunshapes zu Unterscha¨tzung
von bis zu -0,4 %.
Parameter fu¨r die Beschreibung des Effekts von Zirkumsolarstrahlung werden auf Basis der Strahl-
verfolgungsrechnungen untersucht. Die CSR und der zirkumsolare Beitrag (z.B. aus der Region von
0,64° bis 3,2° Abstand vom Sonnenzentrum) sind vielversprechende Parameter fu¨r diese Beschreibung
in einfachen Kraftwerksmodellen.
Zirkumsolarstrahlungsmessungen sollten in der Ressourcen- und Ertragsanalyse, dem Kraftwerks-
design und -betrieb sowie bei Effizienztests durchgefu¨hrt werden. Im Bestfall wird die Zirkumsolar-
strahlung in Form der Sunshape gemessen. Allerdings ko¨nnen auch die weniger aufwa¨ndigen Messun-
gen der CSR oder des zirkumsolaren Beitrags ausreichen. Deshalb werden auch weitere Messsysteme
untersucht.
Eines der getesteten Systeme ist der Black Photon Instruments CSR460 Sensor. Dieser nutzt zwei
Pyrheliometer mit unterschiedlichen Penumbrafunktionen. Die relative Abweichung zwischen den bei-
den Pyrheliometern stimmt gut mit der von den SFERA Messungen erwarteten u¨berein. Außerdem
wird eine Methode zur CSR Bestimmung von diesen relativen Abweichungen getestet. Die Genauigkeit
dieser Methode ist geringer als die des SFERA Systems, da die dabei verwendeten Buie Sunshapes
steiler sind als die gemessenen Sunshapes. Des Weiteren wird ein Algorithmus entwickelt, der die Be-
stimmung von zirkumsolaren Beitra¨gen mit Rotating Shadowband Irradiometern erlaubt.
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Die nun verfu¨gbaren Sunshape Messsysteme und die korrekte Prozessierungsweise von Zirkumsolar-
strahlung mit Strahlverfolgungsprogrammen ko¨nnen die Ertragsanalyse von CSP Kraftwerken weiter
verbessern.
Chapter 1
Introduction and objectives
Due to forward scattering of direct sunlight by aerosol and cloud particles, a considerable amount of
irradiance is contained in the circumsolar region close to the solar disk. The radiation coming from
this region, the so-called circumsolar radiation, is nearly completely detected by pyrheliometers, but
only partially reflected to the receiver by concentrating collectors. Hence, the actual direct normal
irradiance (DNI) that is incident on a CSP collector is systematically overestimated by an amount
depending on the collector type and atmospheric conditions if no adequate corrections to the measured
DNI are applied.
Circumsolar radiation can be described by the radiance emanating from the circumsolar region
and the sun as a function of the angular distance from the center of the sun. In this work, the term
sunshape refers to normalized broadband radiance profiles, with unit radiance at the center of the sun.
Here, the term broadband refers to the wavelength integral from 300 to 4000 nm.
At a given site, the variation of the sunshape over time can be high. Additionally, the average sun-
shape for different locations may vary significantly. Currently, representative sunshape measurements
are only available for a few locations. The measurements of Lawrence Berkeley Laboratory (LBL) are
of special importance in this framework. Nearly 180000 sunshapes were collected at 11 different U.S.
sites between 1976 and 1981, as later published in the LBL reduced data base (Noring et al. [1991]).
The instrument (a special telescope) had a narrow circular aperture and measured the radiance coming
from small angular regions around and inside the solar disk, up to a distance of ±3.1625° from sun
center. Later, a noticeable number of sunshape measurements was collected by DLR (Neumann et al.
[2002]) with a CCD (charge coupled device) camera.
The effect of circumsolar radiation on concentrating collectors has already been investigated by
different groups. Thus, calculation methods to evaluate the sunshape’s effect on CSP already exist.
Also, exemplary results for single sunshape measurements (Schubnell [1992], Neumann and Witzke
[1999]) and even longer measurement campaigns (Grether et al. [1977a], Rabl and Bendt [1982]) as
that of the LBL dataset have been published. Today, some correction for circumsolar radiation is
included in state of the art calculations of the plant yield and plant performance. For example,
average sunshapes from previous measurement campaigns are used in raytracing calculations.
The existing plant performance studies present examples for the instantaneous effect of the sun-
shape on the optical performance of simplified CSP plants or their monthly and annual yield. The
existing studies never included the so-called overload dumping. Overload dumping occurs in CSP
plants if the solar field is not used completely to avoid overload of the receiver or the turbine. The
central shortcoming of the existing sunshape measurements and the study of the resulting CSP plant
performance is that they are not representative of some locations that are now of interest for CSP.
Examples for such locations are the Arabic Peninsula (Reid et al. [2005]) and North Africa, where a
noticeably higher aerosol load is found compared to the US and Europe. Furthermore, the existing
sunshape datasets do not contain additional measurands, such as cloudiness or aerosol load, which
would be necessary to model the sunshape at any given moment.
The objective of this work is first of all to develop sunshape measurement systems that can be used
to generate the site specific sunshape information that is required for CSP plant projects. Furthermore,
the measured sunshape time series are used to analyze the effect of circumsolar radiation on exemplary
CSP plants.
In the first step, a sunshape measurement system consisting of the Sun and Aureole Measurement
instrument (SAM) (DeVore et al. [2009]), a sun photometer (Holben et al. [1998]) and post-processing
software has been developed. The development of the sunshape measurement system was based on
the SAM after being informed about this potential application of SAM by Gueymard via Guillot in
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Figure 1.1: Examples for line-focusing systems on CIEMAT’s Plataforma Solar de Almer´ıa. Left:
EuroTrough parabolic trough collector. Right: Fresdemo Fresnel-collector. (source: DLR)
Figure 1.2: Examples for point-focusing systems on CIEMAT’s Plataforma Solar de Almer´ıa. Left:
EuroDish. Right: CESA-1 tower plant. (source: DLR)
2009. The SAM uses two digital cameras with bandpass filters to measure the spectral radiance of the
solar disk and part of the aureole. The post processing software then combines this information with
the sun photometer data and provides broadband sunshapes as required for CSP plant performance
and yield analysis. The combination of the two instruments and the post-processing software is called
SFERA system in the following. The spectral variation of the sunshape is relevant for the uncertainty
analysis of the SFERA system and was hence analyzed in this work.
The SFERA system and other camera based systems are maintenance intense and relatively ex-
pensive. This is no serious restriction for their scientific application, but a disadvantage for their use
at a remote site. Hence, alternative sunshape measurement systems were investigated that provide
information on circumsolar radiation in a more cost efficient way and require less maintenance. One
of the presented alternative measurement systems makes use of a set of pyrheliometers with different
acceptance angles and a second alternative is based on a Rotating Shadowband Irradiometer.
The central question that is addressed in this work is not how CSP plants perform with real
sunshapes compared to extraterrestrial or even point like sunshapes. The idea is to show how the
state of the art yield calculation with average sunshapes from previous investigations deviates from the
yield that is calculated with exemplary, site specific sunshape time series. This allows to estimate the
error that state of the art yield analysis holds due the simplified treatment of circumsolar radiation.
As the average sunshape varies with the site, two different CSP sites will be investigated: Plataforma
Solar de Almer´ıa (PSA, Tabernas/Spain) and Masdar Institute (Masdar/United Arab Emirates). The
effect of the sunshape depends on the used technology and the optical accuracy of the solar collectors.
For example, line-focusing systems (Fig. 1.1) typically receive a greater portion of the circumsolar
radiation then point-focusing systems (Fig. 1.2).
Hence, two different exemplary plants are investigated: a EuroTrough parabolic trough plant and a
162 MWth
1 tower plant with an absolute cavity molten salt receiver. In order to allow for the correct
interpretation of the effect of circumsolar radiation on CSP, also overload dumping is included in the
analysis.
The thesis is structured in six chapters. In chapter 2, the state of the art of sunshape measurements
1Thermal power and energy are distinguished from electrical power and energy with the subscripts “th” for thermal
and “el” for electrical in the units.
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and the analysis of the effect of circumsolar radiation on CSP is presented. The developed SFERA
measurement system is discussed in chapter 3 including a comparison to previous sunshape measure-
ments and measurement systems. In chapter 4, datasets acquired with the SFERA systems from PSA
and Masdar are used for raytracing analyses of the exemplary plants. The results of the raytracing with
the measured sunshapes are compared to results obtained with commonly used standard sunshapes.
The results of the raytracing study are also used to specify the requirements for alternative sunshape
measurement systems in more detail. Chapter 5 discusses two alternative sunshape measurement sys-
tems and their validation with the SFERA system. Finally, chapter 6 summarizes the results and
presents the conclusions of this thesis.
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Chapter 2
State of the art
2.1 Direct solar and circumsolar radiation
Solar radiation is the electromagnetic radiation that is emitted by the sun. Solar radiation can refer
to solar exposure and/or to several physical quantities such as solar energy, solar irradiance or solar
radiance (WMO [2010]). The irradiance is the radiant power incident on a surface per unit area. It has
the units W/m² and is also called radiative flux density or radiative flux. Irradiance can be obtained by
integration of the perpendicularly incoming component of the radiance over the solid angle. Radiance
has the units W/m²/sr. It describes how much radiation is coming from a certain direction.
At the top of the earth’s atmosphere, solar radiation is called extraterrestrial solar radiation. The
electromagnetic radiation that reaches the top of the terrestrial atmosphere is called extraterrestrial
solar radiation. Approximately 97 % of the extraterrestrial solar irradiance is confined to wavelengths
between 290 nm and 3000 nm.
Part of the extraterrestrial solar radiation reaches the earth’s surface and can be used for solar
energy applications. This fraction of the solar radiation is usually described by the three components
direct normal irradiance (DNI), diffuse horizontal irradiance (DHI) and global horizontal irradiance
(GHI). Circumsolar radiation and the solar disk angle are fundamental for the definition of these
components and will be defined in the following1.
2.1.1 The solar disk angle
Seen from outside the atmosphere of the earth, the sun appears basically as a disk whose size can
be quantified by the angular distance αdisk between the visible edge of the disk and its center. This
angle can be calculated from the mean visible radius and the distance between the sun and the earth
rs. Because of the ellipticity of the earth’s orbit, rs and αdisk vary during the year. In addition to
that, the eccentricity of the earths orbit around the sun varies. Since the characteristic period of
this variation is approximately 100000 years and the absolute change is relatively small, the current
distance between the earth and the sun is usually determined as a function of the day of the year only.
Liou [2002] and Iqbal [1983] present the same formula for the ratio of the sun-earth distance and the
length of the semimajor axis and Liou [2002] states a relative uncertainty of about 10−4. Using the
mean distance between the sun and the earth, the current eccentricity of the sun’s orbit and the mean
visible disk radius can be calculated. Since deviating values for these three input parameters can be
found, different references were compared. The values from Liou [2002] were found to be self-consistent
and result in mean disk angles with a small relative deviation (≈ 10−4) from other disk angles (Allen
and Cox [2000], Wittmann [1980]). Watt [1980] gives a direct equation for the solar disk angle which is
a slightly modified version of a formula presented by Vittitoe and Biggs [1981]. For summer (northern
hemisphere) the values for αdisk calculated with Watt [1980] agree within 0.001° with the formulas
from Liou [2002]/Iqbal [1983].
The model described by Iqbal [1983] (and Liou [2002]) is widely used, e.g. for the post-processing
of sun photometer measurements in AERONET (Holben et al. [1998]). Due to the self-consistency of
the constants and its compatibility, the model proposed by Liou [2002] is used. The mean solar disk
angle with the selected model is 4.651 mrad = 0.2665°. αdisk varies between 4.5727 mrad (0.2620°,
July) and 4.7320 mrad (0.2711°, January).
1Part of the general presentation of direct solar radiation and irradiance measurements was also contributed to Janotte
et al. [2013] and Wilbert et al. [2013a,b].
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2.1.2 Direct solar radiation
Direct solar radiation on the earth’s surface is usually quantified by the direct normal irradiance (DNI).
In the strict sense of the definition, DNI is the irradiance on a surface perpendicular to the vector from
the observer to the center of the sun caused by radiation that did not interact with the atmosphere.
The mathematical formulation of this strict definition makes use of the broadband transmittance of the
atmosphere T and the extraterrestrial normal irradiance DNI0,BB for the actual sun-earth distance:
DNI = DNI0,BB · T (2.1)
(WMO [2010]). Here, broadband refers to the range of the extraterrestrial solar spectrum. T is
determined as the average of the spectral transmittance
Tλ = exp(−τtot,s(λ)) (2.2)
weighted with the spectral extraterrestrial DNI at the top of the atmosphere for the current sun-earth
distance. The wavelength is λ and τtot,s is the total optical depth along the slant path. The optical
depth of a given material between the points s0 and s1 is defined as
τ(s0, s1) =
ˆ s1
s0
kextρmatds
′ (2.3)
with mass extinction cross section kext and density ρmat of the material (Liou [2002]).
The spectrum of the extraterrestrial irradiance for wavelengths between 119.5 nm and 1 mm can
be found e.g. in ASTM E490 (American Society for Testing and Materials, ASTM [2006b]). ASTM
[2006b] presents a combination of results of several publications (Woods et al. [1996], Neckel and Labs
[1984], Kurucz et al. [1984], Kurucz [1993, 1995] and Smith and Gottlieb [1974]). The spectra used
for the creation of the ASTM E490 spectrum were derived from experimental data or computations.
The combination of these spectra involved the scaling of the irradiance level such that irradiances
for overlapping wavelength intervals matched the spectrum from Neckel and Labs [1984]. Several
other slightly deviating extraterrestrial spectra are published (e.g. Wehrli [1985]). Terrestrial spectra
vary strongly with the solar position and the atmospheric conditions. Standard spectra for different
airmasses and a continental atmosphere that is considered to be typical for some locations can be found
e.g. in ASTM [2006a].
The strict definition of DNI is useful for atmospheric physics and radiative transfer models, but
brings along a complication for ground observations: it is not possible to determine whether or not a
photon was scattered if it reaches the observer from the direction in which he sees the solar disk. Besides
this fundamental problem, also practical reasons have to be considered. Instruments that measure DNI
directly (called pyrheliometers, ISO [1990b]) have to be tracked towards the sun. This cannot be done
perfectly so that pyrheliometers are designed such that they receive light from a greater angular region
than that given by the solar disk. Therefore, DNI is interpreted differently in the world of solar energy.
Direct solar radiation is often understood as the“radiation received from a small solid angle centered on
the sun’s disk” (ISO [1990b]). The size of this small solid angle for DNI measurements is recommended
to be 5 ·10−3 sr (corresponding to approximately 2.5° half angle) (WMO [2010]). This recommendation
is approximately 10 times larger than the solar disk angle (annual average approximately 0.2665°). The
large field of view (FOV) of pyrheliometers reduces the effect of tracking errors.
Corresponding to the experimentally motivated understanding of DNI, the diffuse horizontal irra-
diance (DHI) is the irradiance caused by solar radiation from a solid angle of 2pi sr above a horizontally
leveled surface excluding the radiation that is interpreted as DNI.
Global horizontal irradiance (GHI) is the irradiance caused by solar radiation from a solid angle of
2pi sr above a horizontally leveled surface. In accordance with this definition, the GHI can be calculated
from DNI and DHI using the solar elevation angle.
The difference between the common experimental and the strict physical understanding of DNI will
be explained in more detail in the next subsection.
2.1.3 Circumsolar radiation and the sunshape
Circumsolar radiation can be described by the radiance emanating from the circumsolar region and the
sun as a function of the angular position relative to the center of the sun. The radiance distribution is
usually nearly radially symmetric around the center of the sun. However, the real radiance distributions
are not exactly radially symmetric even under clear sky conditions and nonzero solar zenith angle (see
e.g. Blanc et al. [2013]). Hence, describing the radiance distribution as a function of the angular
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distance from the center of the sun is only an approximation. Nevertheless, such an azimuthal average
radiance profile is a good approximation of the radiance distribution in most cases. Furthermore, its
use significantly facilitates the data handling. In this work, the term sunshape refers to normalized
broadband radiance profiles as a function of the angular distance from the center of the sun, with unit
radiance at the center of the sun. Here, “broadband” refers to the spectral range from 300 to 4000 nm.
This interval has been selected to correspond well to the energy rich part of the solar spectrum and
to the spectral range of common pyrheliometers (e.g. Kipp & Zonen [2008b], Hukseflux [2011]). It
should be mentioned, that some CSP technologies use only the spectral range from 350 to 2500 nm2.
Although the selection of the spectral range is thus not ideal for such CSP systems, the effect of this
selection is small as the spectral DNI is low for wavelengths between 3000 and 4000 nm.
Figure 2.1 shows sunshapes derived from the LBL circumsolar telescope (Grether et al. [1975]) and
the former DLR sunshape camera (Neumann and Von Der Au [1997]). Averages over several mea-
surements are shown. The “standard solar scan” was determined by Rabl and Bendt (Rabl and Bendt
[1982]) as an average from LBL measurements. The term “standard” should not be misunderstood. It
refers to an average of many sunshapes that mostly deviate strongly from the so-called “standard solar
scan”. “DLRMean” shows an average sunshape derived from DLR’s measurements as presented under
this name in Neumann et al. [2002]. The other sunshapes are averages of sunshapes within different
intervals of CSRs (circumsolar ratio) from Neumann et al. [2002]. They are named corresponding to
the CSR interval in percent that was used for the averaging. The CSR characterizes the sunshape to
some extent (Buie et al. [2003b]). It is defined as
CSR(αin, αout) = CSNI(αin, αout)/DNI(αout). (2.4)
αin is the innermost angular distance from the center of the sun that is considered to be part of the
circumsolar region (half angle). αout is the greatest angular distance from the sun’s center that is
considered to be part of the circumsolar region. DNI(αout) is defined as the normal irradiance caused
by the radiation observed within αout around the sun’s center (half angle), independent of whether or
not the photons were scattered. It is related to the broadband radiance LBB by
DNI(αout) =
ˆ 2pi
φ=0
ˆ αout
α=0
LBB(α) cos(α) sin(α)dαdφ. (2.5)
Radial symmetry of the solar radiance distribution is assumed, and hence LBB is independent of the
azimuthal angle φ.
CSNI(αin, αout) is the circumsolar normal irradiance observed in the circumsolar region between
the angular distances αin and αout from the center of the sun
CSNI(αin, αout) =
ˆ 2pi
φ=0
ˆ αout
α=αin
LBB(α) cos(α) sin(α)dαdφ. (2.6)
The extent of the circumsolar region αout cannot be defined in a universally valid way. This is due
to the fact, that different pyrheliometers and different concentrating collectors use radiation up to
individual angular distances αout from the center of the sun. Hence, αout has to be selected depending
on the investigated technology. For example, αout = 3.2° is used for the CSR in the LBL reduced
data base (Noring et al. [1991]) and ≥ 4° would be necessary to allow the complete description of a
pyrheliometer measurement following WMO recommendations (WMO [2010]).
In order to distinguish it from DNI(αout), the experimental DNI obtained with a pyrheliometer
is abbreviated as DNIexp in this work. More details on the response of pyrheliometers to circumsolar
radiation will be described in section 2.6.5.
Depending on the authors and the measurement systems, other angles are used for αdisk. In Neu-
mann and Von Der Au [1997], the current solar disk angle plus 0.36 mrad is used for sunshape measure-
ments in order to avoid the effect of imperfect image sharpness of the involved photos. In Neumann et al.
[2002], the average solar disk angle (4.65 mrad) is used for average sunshapes accepting the error caused
by neglecting the annual variation of the solar disk angle due to the earth’s elliptic path around the sun.
Neumann et al. [2002] also showed the effect of this assumption for two exemplary sunshapes “DLR0”
with CSR(4.65 mrad, 30 mrad) = 0.0276 and “DLR20” with CSR(4.65 mrad, 30 mrad) = 0.2178. Cal-
culating with the same outer angular limit and the maximum of the annual solar disk angles one yields
0.013 and 0.205. For the minimum angle the CSR would be 0.045 and 0.231. LBL used the current
2The transmittance of the envelope tubes for parabolic troughs is roughly homogeneous between 350 nm and 2500 nm
and small for other wavelengths (see e.g. Benz and Kuckelkorn [2004]). The absorptance is also nearly homogeneous
within this wavelength interval (Benz and Kuckelkorn [2004]).
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Figure 2.1: Averages of measured normalized radiance profiles as a function of the angular distance α
from the center of the sun (sunshapes) for two different instruments and various CSR (from Neumann
et al. [2002], Rabl and Bendt [1982]).
solar disk angle increased by 0.013¯° as inner limit angle to avoid instrumental errors that caused an
overestimation of the radiance close to the solar disk angle (Grether et al. [1976]).
For the exact interpretation of atmospheric conditions the solar disk angle is calculated for the
timestamp of each sunshape measurement. Since this is the most frequent case in this work, the inner
boundary angle is not given when αin = αdisk is used:
CSR(αout) = CSR(αdisk, αout). (2.7)
2.2 Extraterrestrial sunshapes
Even without the influence of the terrestrial atmosphere, the solar radiance decreases with increasing
angular distance from the center of the sun. As the sun is a gas ball whose temperature decreases
outwards the radiance also decreases with increasing angular distance from the center of the sun.
Different models are used to describe this wavelength dependent effect (referred to as limb darkening).
Probably the most commonly used extraterrestrial sunshape in the field of CSP is the so-called Kuiper
sunshape. The Kuiper sunshape is given by
L(α)
L(α = 0)
=
1 + βK ·
√
1− tan ²αtan2 αdisk
1 + βK
(2.8)
where L(α) is the spectral radiance at the angular distance α from the center of the sun and βK is
a wavelength dependent parameter (Biggs and Vittitoe [1979]). A selection of values for βK can be
found in Au [1997]. A mathematically very similar expression was used by Ko¨pke et al. [2001] referring
to Waldmeier [1941].
Allen and Cox [2000] contains tables of the extraterrestrial radiance profiles for 23 wavelengths
between 200 nm and 20 µm and for a broadband profile3.
Pierce and Slaughter [1977] and Pierce et al. [1977] describe polynomials of different degree based
on measurements of the solar radiance profile with the McMath-Pierce solar telescope. In one of their
models, the spectral radiance is represented by a polynomial of degree 5 in
ζ = ln
(
cos
(
asin
(
sin(α)
tan(αdisk)
)))
. (2.9)
3In section 2.2, broadband refers exceptionally not to the wavelength interval between 300 nm and 4000 nm as in the
rest of this thesis, but to the interval from 200 nm to 20 µm.
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Figure 2.2: Extraterrestrial sunshapes for different wavelengths and a broadband extraterrestrial sun-
shape.
ζ is the natural logarithm of the cosine of the heliocentric angle (Petro et al. [1984]). The six coefficients
of the polynomials are listed for 112 wavelengths between 303.3 nm and 2401.8 nm in Pierce and
Slaughter [1977] and Pierce et al. [1977].
Selected spectral extraterrestrial solar radiance profiles from Pierce and Slaughter [1977] and Pierce
et al. [1977] (Eq. 2.9) are depicted in Fig. 2.2. The average solar disk angle is also shown as a vertical
line. A tendency towards sharper disk edges for greater wavelengths can be seen. While the radiance
at the edge of the solar disk is approximately 55 % of the radiance in the center of the sun at 1000 nm,
the radiance decreases to about 20 % at 370 nm. The broadband extraterrestrial sunshape by Allen
and Cox [2000] is also plotted using a cubic interpolation through the tabulated values. The relative
radiance for this extraterrestrial sunshape reaches nearly 40 % at the disk angle.
2.3 Scattering of direct solar radiation
The sunshape observed on the ground is highly variable and often differs strongly from the extrater-
restrial radiance profile (Grether et al. [1977b]). This is basically due to forward scattering of the light
by small particles. While the forward direction is not favored notably for scattering on particles that
are small compared to the wavelength of the light (Rayleigh scattering), forward scattering is very
relevant for particle sizes between 1 µm and 0.1 mm (Watt [1980]).
The scattering process can be described using the phase function Ψ(λ, θsc) which is a measure for
the intensity of the light that is scattered under the scattering angle θsc from the original direction of
the beam. Under the assumption of single scattering, the radiance L of light scattered in the direction
θsc can be written as
L (λ, θsc) =
w¯(λ)DNI0(λ)Ψ(λ, θsc)
4pi cos(θSZA)
· τtot (λ) · exp
(
− τtot (λ)
cos(θSZA)
)
(2.10)
(Liou [2002]) with
• w¯, the single scattering albedo, the fraction of radiation that is scattered by a particle to the
radiation that is extincted (absorbed or scattered),
• DNI0(λ), the spectral normal irradiance at the top of the atmosphere for the current distance
between earth and sun,
• θSZA, the solar zenith angle and
• τtot, the total vertical optical depth.
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Scattering processes depend on the wavelength of the scattered light. For example, Rayleigh scattering
strongly favors short wavelengths (L (λ, θsc) ∝ λ−4). Equation 2.10 consists of several wavelength
dependent parameters. Although forward scattering is not as wavelength dependent as Rayleigh scat-
tering in the most relevant wavelength interval between 300 and 2000 nm, the spectral dependence
is not at all negligible. Hence, spectral sunshapes are also wavelength dependent and not necessarily
equal to the broadband sunshape. The extraterrestrial solar spectrum is known as presented above.
The optical depth is affected by many atmospheric constituents. The most important influence on
forward scattering comes from aerosols and/or clouds. Hence, the following overview of the spectral
dependence of the physical quantities in Eq. 2.10 is divided in aerosol and cloud dominated cases.
2.3.1 Aerosol-dominated scattering
For aerosol-dominated conditions, Ψ, w¯ and τtot are strongly wavelength dependent and have to be
known for accurate calculations of the solar aureole. Empirical approximations for the spectral depen-
dence of the aerosol optical depth such as
τAng(λ) = βAng ·
(
λ
1000 nm
)−αAng
(2.11)
can be used. In this example αAng is the A˚ngstro¨m exponent and βAng is the A˚ngstro¨m coefficient
which is equal to the aerosol optical depth at 1000 nm (Eck et al. [1999]). This simple model deviates
from the real wavelength dependency of the aerosol optical depth.
A more accurate model is presented by Bird [1984]. Bird [1984] introduced the modified A˚ngstro¨m
approach considering two wavelength intervals, below and above 500 nm with two parameters each:
τBird(λ) =
{
βAng,1 ·
(
λ
1000 nm
)−αAng1
, for λ<500 nm
βAng ·
(
λ
1000 nm
)−αAng,2
, otherwise
. (2.12)
The aerosol optical depth typically decreases with the wavelength (Gueymard [2001]) and hence the
exponents αAng,1 and αAng,2 are typically positive.
The spectral dependence of the phase function P and the single scattering albedo w¯ for aerosols
are usually not described by comparably simple models.
2.3.2 Cloud-dominated scattering
For cloud particles and the considered wavelength interval (300 - 4000 nm), τtot is rather wavelength
independent and w¯ can be approximated as a constant close to one when neglecting absorption bands
for infrared radiation. Hence, only the spectral dependence of the phase function remains unknown,
and from Eq. 2.10 we find:
L (λ2, θsc,2)
L (λ1, θsc,1)
=
Ψ (λ2, θsc,2)
Ψ (λ1, θsc,1)
· DNI0(λ2)
DNI0(λ1)
(2.13)
for two wavelengths λ1 and λ2 and the corresponding scattering angles θsc,1 and θsc,2 for the same
scatterers.
The description of the phase function can be simplified further, because most cloud particles are
much larger than the wavelengths of the relevant spectral interval. In this case, the scattering processes
can be described by diffraction and geometric optics (reflection, refraction). Diffraction is the dominant
mechanism for forward scattering at the wavelengths of interest and for particle sizes larger than
approximately 1 µm (Hansen and Travis [1974]). The radius of typical water droplets is 5 µm and
particle sizes range from 1 µm to 20 µm in water clouds (Liou [2002]). Effective radii of ice cloud
particles are usually larger than the given droplet radii (Liou [2002]). Thus, the scattering processes
in clouds are dominated by diffraction. Such scattering processes can be described with Fraunhofer
theory, yielding the so-called diffraction approximation
Ψ(θsc) ∝ λ−2 (2.14)
as shown in DeVore et al. [2009]. Furthermore, under the assumption of the diffraction approximation,
the scattering angle and the wavelength for a given scattering probability4 and a given radius of the
4Since the scattering probability for one wavelength and particle size can be the same for different angles, the exact
expression is not as simple as “for a given scattering probability” as abbreviated in the text. This “given scattering
probability” is one given probability between the nth local minimum and the next local maximum in the diffraction
pattern.
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scatterer rscatt are connected by:
rscatt = λ/(2θsc) (2.15)
(DeVore et al. [2009]). Combining the two latter equations yields
Ψ
(
λ2, θsc,2 = θsc,1 · λ2
λ1
)
=
(
λ1
λ2
)2
·Ψ (λ1, θsc,1) . (2.16)
The scattering angle θsc in equations 2.10 and 2.16 is then approximated by the angular distance, α,
between a point in the sky and the center of the sun. This is a sufficient approximation for large parts
of the aureole and for single scattering because the phase functions are steep and because the solar disk
angle is rather small against most of the angular distances for the aureole measurements. Combing
equations 2.13 and 2.16 and replacing θsc by α we find
L
(
λ2, α2 = α1 · λ2
λ1
)
≈ L (λ1, α1) ·
(
λ1
λ2
)2
· DNI0(λ2)
DNI0(λ1)
. (2.17)
Equation 2.17 expresses that, for scattering in most clouds, the normalized spectral radiance profiles can
be calculated from one spectral radiance profile using only the ratio of the two considered wavelengths.
It should be mentioned again that Eq. 2.17 was derived under the assumption of single scattering.
The effect of this approximation is small for small optical depths and small optical depths are most
relevant for this study. Multiple scattering becomes more important with increasing optical depth and
results in flatter aureole profiles than profiles that are modeled with the single scattering approximation
for otherwise unchanged conditions. Liou [2002] states that scattering is dominated by single scattering
for optical depths of less than 0.1. DeVore et al. [2009] investigated the effect of multiple scattering
with Monte Carlo simulations of the solar aureole. They concluded that the deviations between the
aureole profiles calculated with and without the single scattering approximation are small even for
cloud optical depths up to two5.
2.4 Measurement techniques for solar radiance profiles
The terrestrial solar radiance profile has been of interest for scientists of various specializations already
for some centuries. Galileo Galilei (1564 - 1642) and Christiaan Huygens (1629 - 1695) assumed that the
radiance was constant over the solar disk (Mu¨ller [1897]). In the middle of the 18th century Bouguer
carried out measurements of the radiance profile in the disk and found that the radiance decreases
with increasing angular distance from the center of the sun (Mu¨ller [1897]). Various measurements of
the solar disk were made later, nowadays different solar telescopes are observing the solar disk (e.g.
Scharmer et al. [2003], Pierce and Slaughter [1977]).
The first measurements of the solar aureole were carried out during total solar eclipses at the end
of the 19th century. Between 1920 and 1955, the Smithsonian Institution measured the circumsolar
irradiance coming from an annular region concentrically positioned around the sun. Their instruments
had ring-shaped apertures and measured the irradiance coming from the angular region between 3.5°
and 14.5° and later between 8.5° and 18.5° (half angles) (Hoyt [1979]). In the second half of the 20th
century sky radiance profiles including the circumsolar region were measured among others by the
Johannes Gutenberg University (Eiden [1968]) and the University of Alaska (Watt [1980]).
Other investigations used pyrheliometers with different collimators in order to determine the irra-
diance emanating from corresponding annular regions around the disk (Hickey and Karoli [1977], Jeys
and Vant-Hull [1976], Major [1980]).
Measurements of the solar radiance profile including the solar disk and the circumsolar region have
been carried out by LBL (Grether et al. [1975]). The measurements of LBL are of special importance
in this framework, as approximately 180000 measurements collected at 11 different sites between 1976-
1981 were later digitally published in the LBL reduced data base (Noring et al. [1991]). The instrument
had a small circular aperture and measured the radiance coming from nearly point-like regions around
and inside the solar disk. It will be described in section 2.4.1.
Other groups used analog photographic techniques (Sandia Laboratories Watt [1980], Institute for
Atmospheric Optics & Remote Sensing,/NASA Langley Research Center Deepak and Adams [1983]).
5Quantitatively, DeVore et al. [2009] showed that the power-law slopes of simulated aureoles changed by about 13 %
when increasing the optical depth from 0 to 2. The power-law slope was derived by fitting a power-law function to the
simulated aureoles between 0.6° and 4.1°. The change of the power-law slope was approximately linear to the optical
depth.
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In the 90s CCD cameras were used by the Paul Scherrer Institute and DLR (Schubnell [1992]), an
approach that was followed later by DLR till the end of the century (Neumann et al. [1998]). Data
collected by this instrument is also available at DLR. The sunshape camera is described in paragraph
2.4.2.
The approach used by Schubnell and Neumann is also used by Gambardella et al. [2011] and
Sauerborn et al. [2011]. Their instruments will be discussed briefly in section 3.6.4.
A recently developed method with Rotating Shadowband Irradiometers will be described after the
presentation of this instrument type in section 2.6.4.
2.4.1 The circumsolar telescope (LBL)
The LBL circumsolar telescope was a scanning telescope mounted on a precision solar tracker. The
telescope itself consisted of a weather proof case with a fused silica entrance window in front of an
off-axis mirror with a focal length of 1 m. The mirror created an image of the sun and the circumsolar
region on a plate in whose center a small hole was used as aperture. The light was mechanically
chopped, and passed a filter-wheel with 8 different spectral bandpass filters, a clear position and an
opaque filter for dark-current measurements. A thermal detector with homogeneous spectral response
from 300 nm to 2500 nm was positioned behind the aperture.
The scanning occurred in declination (vertical at noon, nearly parallel to the horizon at sunrise and
sunset) and between -3.1625° and +3.1625° from the center of the sun. Following Grether et al. [1975],
the FOV used for angles closer than 0.49° to the center of the sun was 0.0125° (half angles). Outside
of the given distance the used FOV was 0.0416¯°6. Different angular steps between the single radiance
measurements were used corresponding to the apertures and the steps were twice the FOV. Because
of the tracking and the response time of the instrument, 1 minute was needed for each scan, resulting
in 10 minutes between two scans with the same filter. Parallel measurements with an absolute cavity
pyrheliometer were used to convert the read out voltage to absolute radiometric units. The absolute
cavity pyrheliometer was equipped with filters that were identical to the filters of the telescope that
were rotated synchronously. A more detailed description can be found in Grether et al. [1975]. Four
telescopes of this type were built and used for approximately five years. In 2010 one of the instruments
was reviewed (Deeb and Myers [2010]). The electronics of the detector unit were not operative anymore.
The status of the tracker electronic was not tested.
The spectral sunshape measurements from the LBL telescope are not contained in the LBL re-
duced database and only little spectral data was published. It was found that the spectral CSR
deviate strongly from each other and therefore also from the broadband CSR (Evans et al. [1980]).
Figure 2.3 shows the ratio of the broadband CSR, CSRBB(αdisk+0.0133¯°, 3.2°), and the spectral CSR,
CSRfilter(αdisk+0.0133¯°, 3.2°), calculated from sunshape measurements by LBL as a function of the
central wavelength of the filter. Average ratios of broadband CSR to spectral CSR between 0.7 and
1.4 have been found for the visible and near IR spectrum with the LBL instrument. Also, the scatter
of these ratios for each of the wavelengths investigated by LBL was quite high. All measurements were
collected three hours around solar noon in one week of May (5/5/1978 - 11/5/1978) in Barstow.
The spectral dependence of these average ratios found for low scattering levels is opposite to that
for high scattering levels7. The increase of the plotted ratios with the wavelength for low scattering
levels corresponds partially to the typical decrease of the aerosol optical depth with the wavelength.
For measurements around approximately 670 nm, mostly ratios of 0.8 - 1.4 for low scattering levels
and 0.7 - 1.6 for high scattering levels were found.
The experimental data from Fig. 2.3 confirms that there is a spectral dependence of the CSR as
expected from Eq. 2.10. The variation of the found ratios for a single filter shows that the spectral
dependence of the CSR varies with the atmospheric conditions8.
An example for two spectral sunshape measurements was published in Hunt et al. [1977]. This
example will be discussed later in section 3.3.2.
An overview of the main properties of the instrument is given in Tab. A.1 in the appendix A.
6Watt [1980] states 0.04° for the bigger aperture and 0.013° for the smaller aperture.
7Low scattering levels were defined as broadband CSR below 0.05 and rather flat aureole radiances with power-law
slopes greater than -1.8. All other cases are referred to as high scattering levels.
8Part of the variation of the ratio for high CSRs can be explained by the fact that the LBL scans needed approximately
1 minute per spectral sunshape measurement as already mentioned above. Thus, a few minutes passed between successive
series of measurement that were later used to calculate the presented ratios, a period during which atmospheric conditions
could change significantly. For low scattering levels, however, this cannot explain the observed scatter in the ratio values
from the LBL data.
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Figure 2.3: Ratio of broadband CSR (CSRBB) to spectral CSR (CSRfilter) for sunshape measure-
ments by LBL vs. the central wavelength of the used filter (Evans et al. [1980]). The upper graph
shows results for low scattering levels, the lower graph shows results for high scattering levels. The
vertical lines indicate the bandwidth of the used filters (defined at half of the peak transmission).
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2.4.2 The DLR sunshape camera
In the mid 90s, a cooled CCD camera with a telelens and neutral density filters mounted on a solar
tracker was used as a sunshape camera. The CCD had a high dynamic range of > 1000 which was aug-
mented by taking various photos with the same exposure time directly after each other and combining
them for further processing. The image series were taken in a few seconds allowing the assumption of
unchanged atmospheric conditions during the photo-series in most cases.
The system was an advancement of the camera used by Paul Scherrer Institute and DLR earlier
and went through further development during the years of its use. This process included the exchange
of the used focal length and distance rings in the optics, diminishing the effect of scattering in the
optics of the camera and augmenting the spatial resolution in the resolved intensity interval.
The spectral response of the system was not homogeneous over the relevant wavelength interval.
Even over the restricted interval of detected wavelengths the sensitivity varied strongly. The differences
between the spectral sunshapes and their influence on the measurement were neglected.
Further details can be found in Neumann et al. [1998], Neumann and Witzke [1999]. The system is
not available anymore due to a defective CCD (Schiricke [2010]). An overview of the main properties
of the instrument is given in Tab. A.1 in appendix A.
2.5 Terrestrial sunshape models
Based on the existing sunshape measurements, general properties of the sunshape and the CSR and
sunshape models were derived. One of the most important properties is the high variation of the
sunshape. For clear sky days with low aerosol load very low CSR < 0.01 were measured (Grether et al.
[1977b]). During cloud passages, high CSRs close to 1 were found (Grether et al. [1977b]). A diurnal
variation of the CSR was observed for clear sky days that is connected to the airmass (Grether et al.
[1977b]). Despite of the high variation of the sunshape Rabl and Bendt [1982] and Neumann et al.
[2002] derived average sunshapes from their measurements in order to provide a simple way to include
circumsolar radiation data in CSP modeling. Furthermore, parallel measurements of the sunshape,
the DNI and other meteorological measurements were used to develop models that provide the CSR
based on commonly available measurements. In order to determine a sunshape for a given CSR, Buie
et al. [2003b] investigated the connection between the shape of the aureole radiance and the CSR. The
findings of these groups are presented in the following.
2.5.1 Average sunshapes
Rabl and Bendt [1982] used an unspecified part of the LBL measurements to create a single broadband
solar radiance profile called the “standard solar scan”. This term is often used to refer to the corre-
sponding sunshape (see Fig. 2.1), that is called SSS in this work. As stated before, it is important that
the name “standard” should not be misunderstood, as the sunshape is highly variable. Absolute broad-
band radiance profiles were averaged, so that a weighting with the power is automatically included.
The CSR of the SSS is CSR(0.27◦, 3.2◦) = 0.036.
Winter et al. [1991] presented a fit to the absolute SSS
LBB(α) =

13.639 · 106 Wm²·sr · (1− ( 0.5051·α4.653mrad )2 − ( 0.9499·α4.653mrad )8);
for α ≤ 4.653 mrad
72200 Wm²·sr · ( α4.653mrad )−2;
for α > 4.653 mrad
. (2.18)
The fit describes the absolute SSS well in general but provides a sunshape with a much sharper
transition between the aureole and the disk. The suggested outer boundary angle is 55.85 mrad (3.2°),
but the formula is mathematically well defined for higher angles, too. The CSR of the fitted sunshape
is CSR(4.653 mrad, 55.85 mrad) = 0.035.
Neumann et al. [2002] published a set of seven sunshapes derived from measurements with the
DLR sunshape camera in Tabernas/Spain, Cologne/Germany and Odeillo/France. Six of the seven
sunshapes were named corresponding to their approximate CSR (0, 0.05, 0.1, 0.2, 0.3, 0.4). Each of
these six sunshapes is the average of sunshape measurements for different CSR intervals around this
approximate CSR. Neumann et al. [2002] also provide an overall average sunshape called “DLRMean”
which is the frequency weighted average of the mentioned six sunshapes. The seven sunshapes from
Neumann et al. [2002] are shown in Fig. 2.1. It is important to mention, that the average was not
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weighted with the central disk radiance or the DNI, and only the frequency distribution of the CSR
was considered for the averaging. Although the sunshapes are only provided till outer limit angles of
30 mrad, the CSR of the sunshape DLRMean is CSR(4.65 mrad, 30 mrad) = 0.075 which is noticeably
higher than the CSR of the SSS9.
In order to provide sunshapes for a given CSR, Rabl and Bendt [1982] also present a simple method
to describe sunshapes with CSRs different from that of the SSS: The complete aureole radiance of the
SSS is multiplied by a single factor so that the resulting sunshape has the desired CSR.
A more sophisticated model that allows the definition of sunshapes for a given CSR is presented
in Buie et al. [2003b]. From an analysis of the LBL reduced database and Neumann’s sunshapes from
Neumann et al. [2002], they approximated the relative radiance LBuie,rel(α) as
LBuie,rel(α) =
{
cos(0.326·α)
cos(0.308·α) ; α ≤ αdisk = 4.65 mrad
eκαγ ; α > αdisk
(2.19)
with α in mrad. The disk radiance was derived based on Neumann’s sunshape “DLR5” while the LBL
reduced database was used for the aureole radiance. Buie derived functional relationships between the
parameters κ and γ and the CSR based on averages of the parameters for the sites of the LBL data
within various bins of CSR:
γ = 2.2 · ln(0.52 · CSR) · CSR0.43 − 0.1 (2.20)
κ = 0.9 · ln(13.5 · CSR) · CSR−0.3. (2.21)
In their investigation of the aureole radiance they only used data with radiances decreasing monoton-
ically with increasing α. Furthermore, they excluded data marked with one or more of the flags 3, 4
and 19 (aperture in wrong position, rain flap closed, sun not centered in scan).
2.5.2 Determination of circumsolar radiation from other atmospheric pa-
rameters
As high CSR are usually connected to low DNIs, it might seem tentative to determine the CSR using
the frequency distribution of CSR measured for a given experimental DNI. Correlations between CSR
and DNIexp alone were investigated by various authors: Grether et al. [1977b], Watt [1980], Neumann
and Von Der Au [1997] and Neumann et al. [1998, 2002]. Pettit et al. [1983] present a second degree
polynomial that describes the root mean square of the sunshape as a function of DNIexp, which was
derived based on 16 sunshape measurements from LBL. However, these approaches do not account for
the influence of airmass and the variation of the abundance of extincting, but not forward scattering
atmospheric constituents. For example, for low solar elevations or for high concentration of water
vapor, DNIexp will be even low for rather small CSR. A low DNIexp for a dry atmosphere and high
solar elevation angle is usually connected to the presence of clouds or aerosols. Thus, for low DNIexp
both high and low CSR can occur.
As no simple correlation between DNIexp and the CSR was found, Neumann et al. [2002] investi-
gated the frequency distribution of the CSR for different intervals of the DNIexp. Thus, the relation
between DNI and CSR was characterized roughly for three measurement sites in Europe. Only CSR
below 0.04 were found for high DNI above 1000 W/m². The maximum CSR for a given DNI increased
with decreasing DNI. Low CSR were found for all DNI ranges. However, it has to be stated that this
statistical analysis was based on only 2300 measurements from three different sites (Cologne, Tabernas,
Odeillo) and 127 different days that were not equally distributed over the year. This is a restriction
for the application of the frequency distribution as a general relation between CSR and DNI.
Another approach to establish correlations between the CSR and other usually known parameters
by Neumann et al. [1998] included the GHI and the solar elevation angle in addition to DNIexp. Two
linear regressions for the parameter
fdge =
DNIexp
GHI
· 15.822 · θ0.699ele (2.22)
as a function of the CSR were derived for PSA and Cologne. Hence, the solar elevation angle θele
and also indirectly the diffuse irradiance are included. The results of these regressions could be used
to calculate the CSR from DNI and GHI. However, e.g. the determined linear function for Cologne
results in a CSR of about 0.3 for fdge = 0.6, while for CSR below 0.05 the experimentally derived
9For the LBL outer limit angle the CSR would be CSR(0.2665◦, 3.2◦) = 0.079.
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parameter fdge was between 0.6 and 1.4. Hence, the application of Neumann’s fit holds always high
CSR for fdge = 0.6, although actually also small CSR can occur in this case. This shows that the
regression does not include all physically relevant parameters.
Other models refer to the complete sky luminance (Igawa et al. [2004]) using e.g. DNI, DHI and the
solar position as input parameters (Perez et al. [1993]). Such models do not provide a high resolution
(. 0.5°) for the region in the FOV of pyrheliometers.
Remarkable are also physically motivated approaches for CSR modeling from Watt [1980] based
on LBL and Smithsonian data. He first of all derived the monthly means of CSR as a function of four
parameters:
• “broad spectrum turbidity”10,
• the pollen loading (as particle number per volume),
• cloud fraction
• and cirrus cloud cover.
The cloud fraction was included as a polynomial of degree four while the other three parameters were
assumed to be proportional to the CSR. He compared the monthly means obtained from his model to
18 month of LBL measurements from Albuquerque finding agreements of the monthly average CSRs
within 0.02.
Watt [1980] also tested to derive daily averages of the CSR for one year of LBL data from Albu-
querque as the sum of linear functions of different parameters. He used the following three sets of
parameters (all as daily values):
1. DNIexp and sky cover or
2. DNIexp, sky cover and precipitable water or
3. DNIexp, sky cover, precipitable water, air temperature, dew point temperature, relative humidity,
cloud type pollen loading and stratospheric dust.
He found that the mean square error of the residual of the regressions was lowest and very similar for
the two latter cases. However, for the model relying on DNI, sky cover and precipitable water he found
that the coefficients of the regression and the mean error of the residuals vary strongly if only two
months of the available year are selected instead of the complete year. Furthermore, both of Watt’s so
far summarized models required input data that is usually not measured for solar resource assessment
(e.g. sky cover and cirrus cloud cover).
In a further approach, he worked with hourly averages of DNIexp and daily averages of the precip-
itable water. Based on these two parameters he calculated the relative deviation of the clear sky DNI
from the measured DNI (hourly averages). Then he fitted a polynomial to the CSNI as a function of
this relative deviation for one month of LBL data from Albuquerque. He found that “the hourly fit
is very poor, the daily values are better” and that “the monthly values are fairly good”. The monthly
averages of the CSR actually deviated from the LBL measurements by less than 0.02. These deviations
are comparable to the result of the other two modeling approaches although much less input data was
required.
More sophisticated calculations of circumsolar radiance were performed by Eiden [1968] and later
by Thomalla et al. [1983] based on Mie and Rayleigh theory. In particular, the results from Thomalla
et al. [1983] are of interest as they include circumsolar irradiances for various aerosol models and cirrus
clouds. Their importance is underlined by the fact that these results are also provided in ISO [1990a]
on the calibration of pyrheliometers.
Today, calculations similar to that presented in Thomalla et al. [1983] can be performed with
radiative transfer tools as MYSTIC (Monte Carlo Code for the Physically Correct Tracing of Photons
in Cloudy Atmospheres, Mayer [2009]) and SMARTS2 (Simple Model of the Atmospheric Radiative
Transfer of Sunshine, Gueymard [2001]). The radiative transfer solver MYSTIC uses a 3-D Monte
Carlo method to determine the photon’s paths though the atmosphere. Optical properties of the
atmospheric constituents are transferred to probability density functions that describe the interaction
of the photons and the atmosphere. SMARTS applies spectral transmittance functions for the most
important solar extinction processes to derive the terrestrial spectral direct irradiance. SMARTS also
includes a set of phase functions that are used to approximate the circumsolar irradiance analytically.
10Not defined in detail in Watt [1980].
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The accuracy of radiative transfer calculations relies on the accurate input of the atmospheric
constituents. Hence, today’s challenge is to obtain the required input parameters with an effort that
is acceptable for solar resource assessment. In parallel to this work, Reinhardt developed a method to
determine the CSR using Meteosat Second Generation satellite data and look-up tables derived with
an improved version of MYSTIC (Reinhardt et al. [2013], Reinhardt [2013]). While he concentrates
on radiative transfer calculations, this thesis focuses on ground measurements and on the evaluation
of the effect of circumsolar radiation on CSP. The experimental data derived here is the basis for the
validation of Reinhardt’s developments.
2.6 Solar irradiance measurements and circumsolar radiation
2.6.1 Pyrheliometers
Pyrheliometers are used to measure the experimental DNI. They consist of a sensor element that is
positioned at a well-defined distance behind an aperture. Thus, only radiation from a small angular
region around the optical axis reaches the sensor element. For the often harsh conditions faced in solar
resource assessment and at CSP test sites, mostly field pyrheliometers are used. Such instruments
have entrance windows in the aperture in order to protect the instrument, e.g. of dust and rain. Field
pyrheliometers usually use blackened thermopile sensors, which allow a broad spectral response of the
instrument. Thermopiles generate a voltage that is proportional to the irradiance that is absorbed
by the sensor surface. The voltages are in the order of 10 µV/(W/m²) and a calibration constant is
required to transform the output voltage into a DNI signal.
There are also photoelectric pyrheliometers using photodiodes instead of thermopiles. They usually
do not provide the spectral range required for pyrheliometers in the WMO and ISO 9060 definition of
the term pyrheliometer (ISO [1990b]; WMO [2010]).
Another type of pyrheliometers is the absolute cavity pyrheliometer. It usually consists of a ra-
diometer head with a blackened cavity and a control unit. Absolute cavity pyrheliometers are operated
on the principle of substituting radiative power by an equivalent electrical power. The electrical power
can be measured and thus the experimental direct normal irradiance is obtained in absolute units of
W/m².
2.6.2 Pyranometers
Instruments measuring GHI are called pyranometers. Field pyranometers usually use blackened ther-
mopiles as sensor elements that can receive short wave radiation from the complete hemisphere above
the sensor. There are also photoelectric pyranometers that use photodiodes instead of thermopiles.
Photoelectric pyranometers usually do not provide the spectral range required in the WMO and ISO
9060 definition of the term pyranometer (ISO [1990b]; WMO [2010]). Photodiode sensors are com-
monly placed below a diffusor disk (Campbell [2011], Licor [2004]). Thermopile sensors are usually
placed under one or two glass domes (Fischer [2005], Kipp & Zonen [2006]), but diffusor disks are also
used in some cases (YES [2011], Delta-T [2013]).
The most accurate way to determine the GHI is by deriving it from accurate measurements of
the DHI and the DNI, because good quality pyrheliometers have a lower uncertainty than the best
available pyranometers (WMO [2010]). In the ideal case, the direct GHI measurement is only used as
a quality check by comparing the direct measurement to the calculated GHI.
2.6.3 Diffusometers
DHI is measured by diffusometers. Diffusometers consist of a pyranometer and a shading structure
that blocks the direct radiation on its way to the sensor. Shading balls, shading disks, or shading rings
are used. Shading balls and shading disks must be tracked to the sun and cover only a small part of
the sky corresponding to the angular region defined for measuring experimental DNI. Shading rings
cover the complete solar path during a day as seen from the pyranometer. Shading rings are even
designed such that they cover the sun’s path on consecutive days so that readjustment of the shading
ring position is only required every two days (Kipp & Zonen [2008a]). Hence, shading rings also block
a considerable part of the diffuse radiation. Therefore, correction functions are necessary to determine
the DHI from the shading ring setup and the accuracy of such a DHI determination is lower than for
a DHI measurement with a shading disk or a shading ball.
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Figure 2.4: Rotating Shadowband Irradiometer with twin sensor head during the rotation (source:
CSP Services GmbH).
2.6.4 Rotating Shadowband Irradiometers (RSI)
RSIs consist of a pyranometer and a shadowband that rotates e.g. once per minute around the pyra-
nometer such that the sensor is shaded for some time. An example for a RSI can be seen in Fig.
2.4. When the shadowband is in its rest position the GHI is measured. DHI is measured during the
rotation and DNI is calculated using GHI, DHI and the solar zenith angle. RSIs are often called RSRs
or RSP, depending on the instrument manufacturer11. The notation RSI refers to all instruments
measuring irradiance by use of a rotating shadowband. Two types of RSIs can be distinguished: RSIs
with continuous and discontinuous rotation.
The operational principal of RSIs with continuous rotation is explained in the following. At the
beginning of the rotation, the shadowband is below the pyranometer, in its rest position. The rotation is
performed with constant angular velocity and takes approximately 1 to 2 seconds. During the rotation
the irradiance is measured with a high and constant sampling rate (e.g. 1 kHz). This measurement is
called burst or sweep (Fig. 2.5).
At the beginning of the rotation, the pyranometer measures GHI. In the moment when the center
of the shadow falls on the center of the sensor it approximately detects DHI. However, the shadowband
covers some portion of the sky so that the minimum of the burst is less than the DHI. Thus, so-called
shoulder values are determined by curve analysis algorithms. One version of such an algorithm defines
the distance (in measurement points) between the positions of the minimum (pmin) and the maximum
of the burst’s slope as the well width (wwell). The position of the left shoulder value pshoulder,L is then
defined as half the well width left of pmin
pshoulder,L = pmin − wwell/2. (2.23)
The right shoulder value is found correspondingly. The shoulder value is the average of the left and the
right shoulder value. The difference between the GHI and the shoulder value is added to the minimum
of the curve to obtain the DHI. Finally, DNI is calculated using GHI, DHI and the sun height angle.
RSIs with discontinuous rotation do not measure the complete burst, but only four points of it
(Harrison et al. [1994]). First, the GHI is measured while the shadowband is in the rest position.
Then the shadowband rotates from the rest position towards the position where it nearly shades the
pyranometer, stops and a measurement is taken (e.g. during 1 second). Then it continues the rotation
towards the position in which the shadow lies centered on the pyranometer and another measurement
is taken. The last point is measured in a position in which the shadow just passed the pyranometer.
The measurement with the completely shaded sensor is used equivalently to the minimum of the burst
from Fig. 2.5. The two measurements for which the shadow is close to the sensor are used equivalently
to the shoulder values.
In this work only RSIs with continuous rotation of the shadowband are used. Such RSIs need a
pyranometer with a fast response time ( 1 ms, e.g. ≈ 10 µs). Thus, thermal sensors as described
in ISO 9060 cannot be applied. Instead, semiconductor sensors are used, e.g. the Si-pyranometer
LI-200 (Licor [2004]). Due to the non-homogeneous spectral response of such Si-pyranometers the
measurement accuracy of secondary standard thermal pyranometers cannot be reached and correction
functions for this systematic error have to be applied to improve the accuracy.
DHI is typically determined once or twice a minute, but GHI measurements can be sampled in a
higher frequency without the rotation of the shadowband, e.g. every second. The variation of the GHI
also contains some information on the change of DNI and different algorithms are used to determine
the average of DHI and DNI between two rotations using the more frequent GHI measurement.
11Instead of irradiometer, radiometer or pyranometer appear in these names.
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Figure 2.5: Irradiance signal logged during the rotation of the shadowband (also called “burst”) and
derived irradiances.
The initially lower accuracy of RSIs compared to ISO 9060 first class pyrheliometers and secondary
standard pyranometers is often overcompensated by some advantages of RSIs (Geuder et al. [2012]).
Due to their low soiling susceptibility (Geuder and Quaschning [2006], Pape et al. [2009], Maxwell
et al. [1999]), low power demand, and comparatively lower cost (instrumentation and operation and
maintenance), RSIs are used in solar resource assessment (Geuder and Quaschning [2006], Batlles et al.
[1995]).
Circumsolar radiation also affects the RSI as there is some influence on the burst. This will be
discussed in detail in section 5.2. Other groups used this fact to determine cloud properties such as
cloud optical depth and effective cloud particle radius (Min et al. [2004], Min and Duan [2005], Yin
et al. [2011]). In these publications no direct information on the sunshape or the CSR is derived. In
parallel to the work presented here, other groups investigated the possibility to measure the sunshape
with a modified RSI (Kalapatapu et al. [2011, 2012], Armstrong et al. [2013]). Their instrument is
based on a RSI with discontinuous rotation that was programmed such that many measurements are
taken instead of only four. Furthermore, a slit aperture was introduced and the pyranometer is tilted
towards the equator corresponding to the latitude. Hence, GHI and DHI are not measured by their
instrument.
2.6.5 Response of pyrheliometers and diffusometers to circumsolar radia-
tion
The response of pyrheliometers and diffusometers to circumsolar radiation is described by their penum-
bra functions. For pyrheliometers, the value of the penumbra function Pacc(α) is determined by the
fraction of rays incident on the aperture at an angle α that reach the sensor element. For a well tracked
pyrheliometer or shading structure this angle is equivalent to the angular distance from the center of
the sun.
Penumbra functions for diffusometers are defined correspondingly, but referring to the fraction of
rays that is blocked by a shading structure and does not reach the sensor (Major [1992]).
Taking into account effects like the spatial inhomogeneity of the sensor in addition to the geometry,
the effective penumbra function is obtained (Major [1994]).
For pyrheliometers, the geometrical penumbra function can be calculated using the distance between
the aperture and the sensor and their sizes (Pastiels [1959]). All radiation is detected for angular
distances between 0° and the slope angle αslope. For angular distances greater than the limit angle
αlim no radiation is detected by the instrument. The opening half angle αopen is defined as the angle
between the optical axis of the instrument and the vector from the center of the sensor element to
the border of the instruments entrance aperture. The opening angle is often also called field of view
(FOV). In this work these angles are always given as half angles, referring to the angular distances
from the center of the sun.
40 CHAPTER 2. STATE OF THE ART
Figure 2.6: Penumbra functions for several irradiance sensors and acceptance functions for two exem-
plary CSP collectors.
The radiation accepted by a pyrheliometer DNIexp for a known radially symmetric solar radiance
profile LBB can be calculated as:
DNIexp = 2pi ·
ˆ αlim
0
LBB(α)P acc(α) sin(α) cos(α)dα. (2.24)
Note that here the additional factor Pacc(α) occurs compared to the definition of DNI(αout).
The penumbra functions for selected pyrheliometers and the current Kipp & Zonen (K&Z) dif-
fusometer geometry (e.g. 2AP tracker (Kipp & Zonen [2008c]) with shading ball and CMP series
pyranometer (Kipp & Zonen [2006])) are shown in Fig. 2.6. The geometry of the sensors and the effec-
tive penumbra function of the Eppley NIP were used as specified in Major [1994] and in the manuals
(Kipp & Zonen [2008b, 2009]). For the CHP1 and the CH1 the effective penumbra function is very
close to the geometrical penumbra function and both effective penumbra functions are stated to be
nearly identical (Major [1994]). The geometric design follows recommendations from WMO [2010] and
ISO [1990b]. Both the geometrical and the effective penumbra function of the Eppley NIP deviate
noticeably from the penumbra functions of the CH1/CHP1.
The penumbra function of diffusometers is given by the geometry of the shading element, its position
relative to the sensor and the size of the sensor surface. The penumbra functions of diffusometers
depend on the solar zenith angle (SZA) as the shading structure moves corresponding to the elevation,
while the sensor element is kept horizontal. The diffusometer’s penumbra function gets steeper with
increasing solar zenith angle.
Besides the penumbra functions, Fig. 2.6 also shows the angular acceptance functions for two
exemplary CSP collectors. These will be discussed in the next section.
2.7 Effect of circumsolar radiation on the optical efficiency of
concentrating solar collectors
The effect of circumsolar radiation on concentrating collectors has been investigated by different groups
using different models and sunshape data. In the following, the central parameters for the description
of CSP plant performance are presented based on recent efforts to standardize the modeling of CSP
plants (Hirsch et al. [2013]). Then the existing methods to determine the plant efficiency and the
corresponding treatment of the sunshape will be introduced. Later, the existing case studies on the
sunshape’s effect are summarized.
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2.7.1 Optical efficiency of CSP collectors
The optical efficiency of a CSP collector is defined as
ηoptical = Pabs/Pavail (2.25)
with the thermal power that is absorbed by the receiver surface Pabs and the available solar power
Pavail. Pavail is the product of the incoming DNI and the collector’s aperture area
12. The DNI in this
definition is often interpreted as the experimental DNI. This is not sufficient for the exact discussion
of circumsolar radiation. In this work, we interpret the DNI in this definition as DNI(αout). The
selection of the outer limit angle will be discussed in section 4.3.2. For all CSP plants except of
parabolic dishes, Pavail is not the useful solar power, as the collector aperture is not perpendicular to
the direct radiation. For example, for parabolic troughs, the useful solar power is Pavail multiplied
with the cosine of the incidence angle θi. θi is the angle between the normal on the collector aperture
and the solar vector.
Different loss mechanisms have to be considered for the optical efficiency:
• shading of the reflective surface by plant elements (e.g. the receiver or the tower),
• incomplete reflection (reflectance ηrefl < 1),
• blocking of the reflected ray by plant elements (e.g. receiver support structure or other mirrors),
• atmospheric extinction between the mirror and the receiver,
• partial interception of the reflected, unblocked radiation that was not object to atmospheric losses
(the radiation does not hit the receiver),
• incomplete absorption by the receiver (and transmission of its entrance windows, if existing).
Thermal losses are not included in the optical efficiency.
In relation to circumsolar radiation especially the partial interception of the radiation is of interest.
Radiation can miss the receiver due to optical errors of the collector:
• slope errors of the mirror (deviation from the ideal concentrator shape),
• scattered reflection (on a rough mirror surface or dirt on the mirror),
• tracking errors (error of the collectors position relative to the solar vector),
• displacement of the receiver,
• astigmatism of the concentrator optics (For example, a heliostat field does not create an ideal
image of the sun on the receiver plane. This holds even for ideal but fixed heliostat surfaces.).
Furthermore, radiation might not be intercepted by the receiver if it does not come from the center of
the sun, but from a direction that is not reflected towards the receiver. This is the main loss mechanism
that is influenced by circumsolar radiation13.
The partial interception is described by the intercept factor ηinter. Its definition makes use of the
virtual heat flux Pinter, the so-called intercepted heat flux. For a perfect solar receiver it is equal to
the absorbed heat flux Pabs. For a real receiver, it is obtained by dividing Pabs by the product of the
absorptance of the receiver ηabs,rec and the transmittance of the receiver’s entrance window or envelope
tube ηtrans,rec (in case that the receiver has an entrance window or an envelope tube):
Pinter =
Pabs
ηabs,rec · ηtrans,rec . (2.26)
Pinter is defined in order to allow the separate evaluation of the receiver and the concentrator per-
formance. Finally, we define ηinter for point-focusing systems as the ratio of Pinter and the reflected,
12At times, also the area of the solar field is used instead of the aperture area. However, here the aperture area is
used.
13Circumsolar radiation influences all loss mechanisms slightly due to changes in the angular distribution of the available
solar radiation and the thus changed path of the radiation. However, these influences do not cause systematically more
or less losses if we are interested in the annual plant yield. For example, radiation coming from the circumsolar region
“below the sun” (lower solar elevation) might be blocked, while radiation from a point above of the sun is not blocked.
Sometimes this can mean that more radiation is blocked than for a narrow sunshape and sometimes it means that less
radiation is blocked.
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unblocked heat flux that was transmitted by the atmosphere between the mirror and the receiver,
Prefl,unbl,trans:
ηinter = Pinter/Prefl,unbl,trans. (2.27)
The intercept factor for line-focusing systems is defined slightly different in this work in order to
separate it from another loss mechanism, namely end losses. End losses occur if the incidence angle
is nonzero and hence part of the reflected radiation reaches the receiver plane at a point that is not
above the mirrors and were there is no receiver (absorber tube). They are described by the end loss
efficiency ηend. Hence, the intercepted power for an endless receiver
Pinter,end = Pinter/ηend (2.28)
is used in the definition of the intercept factor:
ηinter = Pinter,end/Prefl,unbl,trans. (2.29)
The optical analysis of parabolic trough collectors is often carried out for a single collector. The
efficiency of the complete collector field can then be derived including shading of neighboring collectors.
The shading efficiency of parabolic trough plants due to shading of the collectors by their eastern and
western neighbors (for common collector alignment) can be approximated as
ηShad = 1−max
(
0,
NRowsShad − 1
NRowsShad
· daper −Drows · cos(ρtrack)
daper
)
(2.30)
(Schenk and Eck [2012]). ρtrack is the tracking angle of the parabolic trough
ρtrack = atan
(
sin(θSAA)
tan(pi/2− θSZA)
)
(2.31)
for the current solar zenith and azimuth angles (θSAA). The tracking angle is the angle between the
optical axis of the concentrator and the zenith. The distance between two rows is Drows, daper is the
aperture width of a parabolic trough collector and NRowsShad is the number of parallel collector rows.
In order to describe the optical efficiency without the influence of the receiver properties, the field
efficiency of tower plants is defined as
ηField = ηoptical/(ηabs,rec · ηtrans,rec). (2.32)
Prefl,unbl,trans and also the intercepted power depend on the used outer limit angle of DNI(αout)
and therefore the intercept factor is a function of αout. Note that the intercept factor and the other
losses change with the solar position.
2.7.2 Calculation of optical performance
In order to determine the effect of circumsolar radiation on the optical performance of CSP collectors,
different methods can be used. The appropriate method has to be selected corresponding to the investi-
gated plant and the desired accuracy and computation time. In the following, the main characteristics
of the three categories of methods are described and more detailed information is provided for those
tools that are used later in this work. More information can be found in the given references and in
Garcia et al. [2008]. The latter reference presents an overview of existing flux calculation tools for solar
tower plants.
Raytracing tools for CSP plants
The available solar radiation can be described as a multitude of solar rays on their ways from the
sun to the mirrors and finally to the receiver. Raytracing tools predict the path of the sun rays from
the sunshape to the receiver corresponding to physical laws (e.g. STRAL (Belhomme et al. [2009]),
SolTRACE (Wendelin [2003]), MIRVAL (Leary and Hankins [1979]), SPRAY (Buck [2010])). Often
Monte Carlo techniques are implemented to allow for acceptable calculation times.
There are various raytracing tools for CSP evaluation that can be used to evaluate the effect of
circumsolar radiation on CSP. One method that is available in SPRAY is explained as an example in
the following. The method selects one concentrator element after another and traces a given number
of rays from the current element. After the calculation of the vector to the sun’s center the sunshape is
included. This is done by calculating an angular deviation of the ray vector from the sun’s center based
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on the probability density function corresponding to the sunshape. Radial symmetry of the radiance
distribution is assumed. Hence, a one dimensional probability function can be used. This function is
represented by the irradiance per angle element normalized to the integral 1 using the constant cprob:
Dray(α) = cprob · LBB(α)
LBB(0)
· cos(α) · sin(α) · dα. (2.33)
The user defined sunshape LBB(α)/LBB(0) has to be provided to SPRAY.
The relative radiance is complemented by the independently specified DNI that is assumed to be
distributed over the sunshape’s angular definition interval corresponding to the probability function.
The ray is then connected to a power calculated as the product of the DNI and the projected area of
the current concentrator element divided by the number of rays per element.
Then the ray is checked for shading by other plant elements (solar tower, other mirrors). The
reflectivity is evaluated by using a probability function for the absorption of the ray in the mirror. If
the ray is not absorbed, the direction of the reflected ray is calculated with the defined concentrator
geometry including optical errors. Then the possible blocking by other plan elements is checked. The
atmospheric attenuation is calculated for the individual path to the receiver. Finally, the interception
of the receiver surface or the aperture and the ray is calculated. If the ray is intercepted, its power is
considered for Pinter. Optionally, the impact point can be determined in order to calculate the flux
density distribution on the receiver surface. The absorption and transmission of the receiver and its
entrance windows are included in SPRAY and Pabs is calculated.
The optical errors can be defined based on actual measurements of the plant geometry. However,
a common approach to characterize the optical errors of a CSP collector is to describe the different
sources of errors as Gaussian distributed independent uncertainties.
Analytical optical performance models
The Bendt/Rabl model (Bendt et al. [1979], Bendt and Rabl [1981]) represents another type of calcula-
tion method that uses an analytical approach. In order to allow fast calculations, analytical equations
are derived and solved to describe the ray’s path through the optical system. The model suggested by
Bendt/Rabl can be used for parabolic troughs and solar dishes.
First of all, an angular acceptance function is determined from the design geometry. The angular
acceptance function Pacc(α) is defined by the fraction of rays incident on the aperture at an angle α
that reach the receiver. This is equivalent to the definition of the penumbra function. Figure 2.6 shows
two exemplary angular acceptance functions next to the penumbra functions of various irradiance
sensors. The functions for the EuroTrough (Fig. 1.1, Geyer et al. [2002]) and for a parabolic dish with
the same focal length, receiver aperture and collector diameter as the EuroDish (Fig. 1.2, Reinalter
et al. [2008]) are depicted. The plant efficiency is reduced for high CSR due to circumsolar radiation
because of the gap between the acceptance functions of the plants and the penumbra functions of the
sensors.
The second step of the Bendt/Rabl method is to determine an effective source that includes both
the sunshape and the deviations from the design geometry. The optical errors of a CSP collector are
described as Gaussian distributed independent uncertainties. Their combination is also a Gaussian
distribution with standard deviation σopt. σopt is often called optical error. For point-focusing collec-
tors, the effective source is the convolution of the sunshape with the function describing the optical
errors. The result of this convolution represents the sunshape after broadening due to optical errors of
the collector. The integral of the product of the effective source and the angular acceptance function
over the angular distance from the center of the sun is the intercept factor.
Bendt and Rabl [1981] also describe an alternative order of the calculation steps that combines the
angular acceptance function and the optical errors to the so-called “smeared acceptance function” that
is then combined with the sunshape.
For line-focusing collectors the“linear sunshape”is used for the convolution that delivers the effective
source instead of the common sunshape. The linear sunshape is the integral of the two dimensional
radiance distribution of the sun along the direction of the absorber tube. In this case, the intercept
factor is the integral of the product of the effective source and the angular acceptance function over
the angular distance from the center of the sun perpendicular to the absorber tube.
The sunshape can be included in the calculation of the effective source as relative radiance profile
or as Gaussian distribution which significantly reduces the calculation time. The error caused by
approximating the sunshape as a Gaussian distribution depends on the design geometry of the plant
and its optical errors. For large optical errors, a Gaussian sunshape can be a sufficient approximation
(Bendt et al. [1979]; rule of thumb σopt & 2 · σsun, Pettit et al. [1983]).
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Rabl and Bendt [1982] also discuss the interaction between the specified DNI and the outer limit
angle of the sunshape data used in their study (3.2°). They define the experimental intercept factor
ηinter,exp for a specific penumbra function (in their case for the Eppley NIP). The intercept factor
that is obtained after the above explained convolutions and the integration ηinter(3.2°) is hence only a
preliminary result as it refers to 3.2°. They derive the final intercept factor as
ηinter,exp = ηinter(3.2°) · DNI(3.2°)
DNIexp
. (2.34)
With this correction, the experimental DNI, DNIexp, can be multiplied by the experimental intercept
factor ηinter,exp to obtain the intercepted power. For typical sunshapes that fall quite fast with the
angular distance from the sun’s center, the experimental DNI measured with an Eppley NIP is smaller
than DNI(3.2◦) and hence Eq. 2.34 increases the intercept factor ηinter(3.2°).
The Bendt/Rabl model can only include the effects of shading and blocking within the collector as
corrective factor. Furthermore, the assumption of Gaussian distributed slope errors is a restriction.
For towers and Fresnel collectors the Bendt/Rabl model can’t be applied without modifications due
to the complex variation of blocking and shading of neighboring mirrors for these technologies. For a
single heliostat the method can be used if astigmatism of the system consisting of heliostat and the
receiver is described as another Gaussian error (see e.g. Pettit et al. [1983]).
The software HFLCAL (Schwarzbo¨zl [2009]) also uses an analytical approach. First, the intercept
factor is calculated analytically for every heliostat. Then the other loss mechanisms from the previous
section including the effect of both blocking and shading are calculated individually for each heliostat.
The determination of the blocking and shading efficiency involves the calculation of the current heliostat
field geometry and geometric checks of the blocking and shading. A short computation time can be
realized because of the analytical computation. Therefore, the sunshape can only be included as a
Gaussian shaped radiance distribution.
Calculation of the optical performance with incidence angle modifiers or look-up tables
The fastest way to determine the optical performance of a CSP plant uses only constants and functions
that describe the change of the optical performance with the solar position. Such functions can be
given as polynomials or as look-up tables. For parabolic troughs, the function is called incident angle
modifier (IAM). The IAM is a function of the incidence angle and is related to the optical efficiency
by14:
ηopt(θi) = ηopt(θi = 0) · IAM(θi) · cos(θi). (2.35)
The IAM and the optical efficiency for zero incidence angle can be derived from experiments Janotte
[2006] or calculations with the methods described above. Hence, the sunshape is included indirectly.
This has to be considered when working with such models as the selection of the IAM (or corresponding
look-up tables for other CSP technologies) defines the sunshape for the later yield analysis. For
example, if the experiments were carried out on a very clear day with negligible circumsolar irradiance,
the resulting optical efficiency is probably higher than for the average sunshapes presented in the
previous section. On the other hand, the optical efficiency will be underestimated if the experiments
were carried out on a very hazy day. The selection of the sunshape for the calculation of the IAM and
ηopt(θi = 0) with the models from the last paragraph has an analogous influence.
For tower plants, look-up tables can be used for the determination of the field efficiency, ηField, for
a given solar position as for example in greenius (Quaschning et al. [2001], Dersch et al. [2011]). The
creation of this look-up table also includes a constant sunshape indirectly.
Variations of the sunshape could be implemented in such performance models in different ways.
For example, different optical efficiencies for zero incidence angle and IAMs or look-up tables could be
used for different sunshapes.
Another approach to include varying sunshapes is to assume a pillbox as a smeared angular accep-
tance function. The determination of the acceptance angle (the width of the pillbox) for a tower plant
was presented by Lemperle [1982]. He determined the intercepted power using HELIOS (Vittitoe and
Biggs [1981]) calculations for various solar positions and sunshapes and used the results to define the
αacc via
Pinter
Prefl,unbl,trans/ηblock
=
DNI(αacc)
DNIexp
(2.36)
with the blocking efficiency ηblock. This acceptance angle includes the optical errors of the plant
and varies with the selected sunshape and the solar position. The latter equation can then be used
14Note that in this work end losses are included in the IAM.
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to determine the intercepted power with the relatively easy determinable values for Prefl,unbl,trans,
DNI(αacc) and the experimental DNI. Prefl,unbl,trans might be a preliminary result of any of the
above presented three different methods for the calculation of the optical performance. A similar but
further simplified approach was also used by Grether et al. [1977a] as described in the following.
2.7.3 Case studies on the effect of circumsolar radiation on CSP
Various authors investigated the effect of the sunshape on CSP using exemplary sunshapes and con-
centrators. In order to describe the effect they determined different parameters, e.g. the instantaneous
change of the intercept factor due to circumsolar radiation with respect to a situation with negligible
circumsolar irradiance. In the following, the findings of these groups are summarized.
Studies using acceptance angles
Grether et al. [1977a] investigated the effect of circumsolar radiation on the monthly average plant yield
with one year of data of the LBL dataset for three sites in the US. The optical properties of the plant
were simplified strongly and it was assumed that all normal radiation within a given angular distance
from the center of the sun was used. This corresponds to the DNI measured with a pyrheliometer
with a defined opening angle that is equal to the limit angle. The angular limit was called “effective
aperture radius”15 and varied between 0.25° and 3.2°. Monthly averages of the overestimation of DNI
from an Eppley NIP pyrheliometer with respect to DNI(αacc) were determined. It was assumed that
CSP plants are not operated for low DNIs and hence DNIs below different thresholds between 0 and
500 W/m² were excluded. In real plants this exclusion is called underload dumping. For a plant
with an acceptance angle of 0.38°, monthly overestimates between 1 and 6 % were found. Average
overestimates were between 3 and 4 %.
Rabl and Bendt [1982] analyzed these results further and found a linear dependence of the over-
estimation for single months on the threshold for under-load dumping. The overestimation falls with
increasing threshold because high CSRs occur more frequently for low DNIs than for high DNIs.
Studies for tower plants
Grether et al. [1977c] presented calculations of the instantaneous and monthly intercepted power for two
10 MWel solar tower plants and the same sunshape dataset that was used in the acceptance angle based
approach from Grether et al. [1977a]. One of the plants had a north heliostat field and a cavity receiver,
the other one had a surround field and a cylindrical receiver. The intercept factor was calculated for 16
selected sunshapes with different CSRs. The intercept factor was approximately proportional to the
CSR of the selected sunshapes for both plants. The plant with the cavity receiver was more sensitive
to changes of the sunshape and the intercept factor was 0.99 for a CSR(0.275◦, 3.2◦) close to 0 and
0.75 for the selected sunshape with a CSR of 0.4. For the cylindrical receiver, the intercept factor for
the latter example fell from about 1 to 0.85.
Also monthly means of the intercept factor were derived in Grether et al. [1977c] using sunshape
time series. The evaluation of all other sunshapes was based on the results of the 16 examples. Each
sunshape was connected to one of the 16 sunshapes with a similar shape. The lost power that is not
intercepted due to circumsolar radiation for the a given sunshape was determined as the lost power
for the selected exemplary sunshape multiplied by the ratios of the current and the exemplary CSRs
and the DNIs. The plant’s sensitivity to circumsolar radiation was assumed to be independent from
the solar position. The lost energy relative to the temporal integral of DNI(3.2◦) was then calculated
for every month using the same different thresholds for the operation of the plant as in Grether et al.
[1977a]. The monthly relative losses varied between 1 and 5.2 % for the cavity receiver with an average
of 2 to 3.6 % depending on the site. The relative losses for the surround field with the cylindrical
receiver varied between 0.6 and 3.2 % with mean values between 1.2 and 2.2 %. The comparison of
these losses to other loss mechanisms showed that circumsolar radiation is of similar importance as
e.g. blocking and shading and receiver radiative heat losses.
The results for these two plants were also compared to results for fixed acceptance angles (“effective
aperture radii”) from Grether et al. [1977a]. The relative losses for the cavity receiver were between the
relative losses for 0.38° and 0.8° acceptance angle. The results for the cylindrical receiver were between
those for 0.8° and 1.63°. The deviations between the monthly results for the stated two acceptance
angles and the corresponding tower plant varied between 0 and 0.2 %. Rabl and Bendt [1982] summarize
15The acceptance angle defined in Eq. 2.36 corresponds to the effective aperture radius from Grether et al. [1977a] if
only intercept losses occur.
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these results and conclude that the found nearly linear relation between the intercept factor and the
CSR is a result of the similar shape of the aureole radiance profiles of the used 16 sunshapes. This
motivated their linear sunshape model that was mentioned in section 2.5.1 and a simplified method
to calculate long time averages of the effect of the sunshape on the intercept factor. Rabl and Bendt
[1982] showed that the error caused by the use of the linear model for the determination of the plant
yield is small if only averages over many months and concentrators are calculated. However, they found
that the simulation results depend not only on the CSR but also on the exact shape of the radiance
profile. Hence, they recommended using real sunshape measurements for instantaneous performance
analysis.
Lemperle [1982] investigated the effect of the sunshape on the SSPS tower plant (Small So-
lar Power Systems tower plant; a 2.7 MWth central receiver system at PSA CIEMAT [2013]) us-
ing the HELIOS model. In his study, three different sunshapes from the LBL measurements with
CSR(4.8 mrad, 50 mrad) of 0.13, 0.16, 0.24 and another sunshape16 with a CSR of 0.01 are used. He
found losses of 6 % for a CSR of 0.16 and 12 % for CSR = 0.24 compared to the results for CSR = 0.01.
From the HELIOS calculations he derived the average acceptance angle αacc= 0.9° for the SSPS tower
plant.
Pettit et al. [1983] focuses on the description of a statistical raytracing method and presents an
example for the resulting intercept factors for a single heliostat in two distances from a 3 m x 3 m
aperture and for a “medium” and a “narrow” sunshape17. The optical errors of the heliostat are
described as a Gaussian distribution with a standard deviation of 8 mrad. The intercept factors for
the heliostat at 100 m are 0.79 for the narrow sunshape and 0.71 for the medium sunshape. For the
heliostat at 400 m the intercept factors are 0.25 and 0.23, respectively.
Studies for dish and trough systems
Rabl and Bendt [1982] determined separate intercept factors for the disk and the circumsolar irradiance
of the standard solar scan for various parabolic dish and trough concentrators with different geometric
concentration ratios and optical errors18. Based on this, the intercept factors for sunshapes derived
from their linear model (see section 2.5.1) with other CSRs can be calculated. For example, for a
sunshape with CSR(0.275◦, 3.2◦) = 0.3 and a system similar to the EuroTrough19 with a total optical
error of 5 mrad, an experimental intercept factor of 0.95 is obtained. For a CSR of 0 the intercept
factor is 0.998.
Only data for 90° rim angle is tabulated in Rabl and Bendt [1982] for the trough. The presented
method is designed for the calculation of the long time average effect of circumsolar radiation.
Bendt et al. [1979] presented the intercept factor as a function of the geometric concentration
ratio of a parabolic trough for three different sunshapes and three different optical errors using their
analytical model. For the EuroTrough like system mentioned above, the intercept factor is about 0.995
for a sunshape with CSR(0.275◦, 3.2◦) = 0.008 and 0.95 for a CSR of 0.294.
Chapman and Arias [2009] present an analysis of the sunshape’s effect on a LS3 parabolic trough
collector20 based on raytracings with SolTRACE. They found that the intercept factor only drops
by 2 % when using first Neumann’s sunshape “DLR0” and then “DLR40” for mirror optical errors
of 5 mrad and zero incidence angle. The stated changes of the intercept factor for two sunshapes
with CSR = 0.3 from Rabl and Bendt [1982] and Bendt et al. [1979] are higher than this result from
Chapman and Arias [2009] (about 4.5 %)21.
Rabl and Bendt [1982] also discuss the effect of circumsolar radiation on parabolic dishes with
various concentration ratios and rim angles. They found a variation of the monthly mean of the
intercept factor by more than 4 % between different monthly circumsolar datasets from five sites of
the LBL data for one exemplary dish with a concentration factor of 1000 and a rim angle of 40°.
16This sunshape is called “Kuiper sunshape” in Lemperle [1982] according to the name of the selected sunshape option
in HELIOS.
17The sunshapes are specified by their RMS (root mean square) width (3.86 mrad and 10.5 mrad). An estimation of
the corresponding CSRs using table 4.1 from Bendt et al. [1979] is CSR(0.275◦, 3.2◦) = 0.005 and 0.1, respectively.
18The geometric concentration ratio is given by the ratio of the receiver aperture surface and the collector aperture.
In Bendt et al. [1979] the complete surface of the receiver tube is considered as aperture surface (i.e. not only the side
of the tube that is headed towards the mirrors).
19The rim angle of the EuroTrough is 80.3° and the investigated trough from Bendt et al. [1979] has a rim angle of
90°. The rim angle is the angle between the aperture plane and the tangent to the mirror perpendicular to the focal line
(or radial direction for a dish) at the rim of the mirror. The rim angle is measured on the outside of the aperture.
20The LS3 collector has the same focal length, aperture and receiver diameter as the EuroTrough.
21Figures 4.2a and 4.2b from Bendt et al. [1979] for a total optical error of 5 mrad and concentration ratio of 25
correspond well to the system with 2 mrad slope error from Chapman and Arias [2009].
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Schubnell and Ries [1991] and Schubnell [1992] investigated the effect of the sunshape on an ideal
parabolic dish concentrator with an absolute cavity receiver. Schubnell [1992] calculated the overall
system efficiency assuming that there are only radiative losses and that the conversion from heat to
work (or Gibbs free energy of reaction products) reaches the Carnot efficiency. The found maximum
overall system efficiency and the optimum temperature fall with the CSR while the optimum aperture
radius increases. For one of the investigated dishes (1.35 m radius and 39° rim angle) the overall
efficiency falls from 76 % for a pillbox (half width αdisk) to 72 % for CSR(αdisk, 55 mrad) = 0.067 and
to 67 % for CSR of 0.167. The optimum temperature falls from 1600 K for the pillbox to 1150 K for
CSR(αdisk, 55 mrad) = 0.167. For different sunshapes with the same CSR, different overall efficiencies
were found. This showed that deviations of the sunshape are relevant even if the sunshapes have the
same CSR.
Studies for solar furnaces
Schubnell and Ries [1991] investigated the effect of the sunshape on the optical performance of a solar
furnace consisting of a 51.8 m² heliostat and a 5.7 m² parabolic dish. Comparison of the measured flux
distribution in the receiver plane and raytracing calculation of the flux distribution with the measured
sunshape showed good agreement. Comparisons of the raytracing results for three different measured
sunshapes and a pillbox sunshape with radius 4.65 mrad showed a noticeable influence of the sunshape
on the peak flux. The peak flux was reduced by 9 % for a sunshape with CSR(55 mrad) = 0.167
compared to the pillbox.
Steinfeld and Schubnell [1993] used raytracing for different sunshapes together with a model of
the thermal system efficiency to determine the efficiency of cavity receivers with different aperture
sizes in the solar furnace from Schubnell and Ries [1991]. Based on these calculations, the optimum
aperture and receiver temperature were derived. For a broader sunshape with CSR(55 mrad) = 0.128
a lower optimal temperature and a bigger optimal aperture size were derived compared to a pillbox
with 4.65 mrad radius. The influence on the aperture size was more pronounced and the reached
optimum efficiency for the investigated example drops by 8 % for a system with receiver temperature
of 1400 K.
Neumann and Witzke [1999] investigated the effect of the sunshape on the flux distribution in the
focal plane of DLR’s solar furnace using raytracing and flux measurements. They found that the solar
image increases noticeably with the CSR. If the aperture size is selected such that 95 % of the energy
enter the aperture for CSR(50 mrad) = 0.0042 only 92.6 % enter the aperture for a sunshape with
CSR(50 mrad) = 0.1373. For CSR(50 mrad) = 0.4156 only 85.7 % enter the aperture.
Studies for flat mirrors and linear Fresnel collectors
Buie et al. [2003a] present an analysis of the size of the “solar cone” after being reflected on a flat
mirror with Gaussian distributed shape errors.
Buie and Monger [2004] investigated linear Fresnel collectors using raytracing calculations. They
determined the ratio of the intercepted energy for different acceptance angles and the intercepted
energy for 2.5° acceptance angle for various CSR. For example, for CSR(0.27◦, 3.2◦) = 0.02, this ratio
is 0.98 for the solar disk angle as acceptance angle. For a CSR of 0.2, this ratio is 0.98 for an acceptance
angle of 1.2°.
Summary of the existing studies
The existing studies provide examples for the effect of circumsolar radiation on CSP for some sites in the
US and Europe and exemplary results of instantaneous performance for a given sunshape. A roughly
linear relation between the intercept factor and the CSR was observed. It was found that the CSR alone
cannot describe the instantaneous effect of circumsolar radiation on a CSP collector completely. The
sunshape is required for accurate calculations. Different CSP technologies were investigated. The effect
of circumsolar radiation varies noticeably with the technology and the individual plant. Comparing
results for a sunshape with CSR of 0.4 to results for CSR = 0, 10 % intercept reduction were found
for DLR’s solar furnace. For two solar towers, 15 % and 24 % reduction of the intercept factor were
found for this case (Grether et al. [1977c]).
Based on the existing results, the effects for similar plants and sites can be estimated. However, the
effect of overload dumping was never included. Also, the outer limit angle of the circumsolar region has
never been extended to angles greater than 3.2°, although some CSP collectors also receive radiation
from such angles. In some of the above examples, the angular limit of the DNI was not specified and
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it can only be assumed that the experimental DNI was used. The effect of the treatment of the DNI
and the angular limits will be investigated later.
Even more important is the fact that sites with high aerosol load have not been investigated so far
due to the lack of sunshape data. Thus, the previously existing results do not provide information for
sites where the most interesting effects have to be expected.
Chapter 3
The SFERA sunshape measurement
system
In order to allow for new sunshape measurements at sites that are now interesting for CSP, a sunshape
measurement system was developed. This automated system consists of Visidyne’s Sun and Aureole
Measurement instrument (SAM), a Cimel sun photometer and a post-processing software (Fig. 3.1).
The SAM instrument measures the spectral radiance profile within wide parts of the interesting angular
region with a narrow bandwidth filter. Gueymard saw the potential application of SAM in a sunshape
measurement system and informed the SFERA partners about this in 2009. Because of the SAM’s
narrow filter and the missing angular region further processing of the measurement data is required
to obtain a sunshape. This was noticed independently by Gueymard [2010] and Wilbert [2010]. For
the determination of the sunshape, spectral information on the aerosol properties is necessary. In this
thesis, these parameters are obtained from sun photometer measurements within the measurement
network AERONET Europe. In the following, the SAM instrument, Cimel’s sun photometer, the
AERONET data and finally the post-processing software are described. The complete system is named
SFERA sunshape measurement system referring to the European project SFERA in which it was
developed.
In this study two SFERA systems are used. The first SFERA system was developed and operated
at PSA. A replica of the system was acquired and set up by Masdar Institute in Masdar City, United
Arab Emirates (UAE). The SFERA systems are operated co-located with a meteorological station
including DNI, DHI, atmospheric pressure, relative humidity and ambient temperature measurements.
Appendix B presents the coordinates and the used auxiliary instruments of the sites.
The SFERA systems and their measurements are the basis for the evaluation of the effect of
circumsolar radiation on CSP and the analysis of alternative sunshape measurement systems1.
1Part of the following results are also presented in Wilbert [2010], Wilbert et al. [2011a,b], Guillot and Wilbert [2012],
Wilbert et al. [2013b,d].
Figure 3.1: Photo of the SAM Series 400 next to the Cimel sun photometer at DLR-PSA’s meteoro-
logical station.
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Figure 3.2: Schematic of the SAM (sun and aureole measurement) instrument.
3.1 Description of SAM
The central element of the sunshape measurement system is Visidyne Inc.’s SAM instrument. It consists
of two cameras: one camera for the sun disk and another camera observing the aureole (Fig. 3.2).
Both cameras (Pixelink PL-A741 8-bit CMOS cameras (Complementary Metal Oxide Semiconductor)
with 25 mm Pentax C-Mount lenses) are mounted on a solar tracker in a weather proof case with
an entrance window. While the sun-disk camera is facing the sun directly, the aureole camera takes
images of a screen. A lens forms an image of the aureole on this screen, while the rays coming from
the sun disk itself impinge onto a beam dump. The beam dump is represented by a blackened cavity.
The use of the two cameras provides the high dynamic range needed for the measurements.
A radiance measurement is based on six images from each camera with different exposure times
between 0.16 and 990 ms. Hence, one radiance measurement is obtained in 5 s. The maximum sampling
rate is approximately 0.1 Hz, but the rate of 1/min was selected for most of the measurements due
to the huge data sizes produced for the higher sampling rates (> 30 GB per day). The images are
combined and converted to absolute radiance maps using calibration factors in Visidyne’s evaluation
software. Also, a flat fielding for the aureole images is applied in order to remove spatial variation of
the properties of the screen and variation of the response of the CMOS pixels. This flat fielding is
based on images of a NIST traceable sphere and included in Visidyne’s picture analysis software and
calibration procedure (Villanucci [2010]). The calibration techniques applied by the manufacturer are
presented later in section 3.4 in connection with the post-calibration method, which has been developed
independently within this work. The two dimensional radiance map is then used to derive a radial
profile by averaging over the azimuthal angle. This radial profile from Visidyne’s evaluation software
is used in the post-processing that is presented in section 3.3.
The measurement of the sun-disk camera cannot be used for radiances below approximately 1/4 of
the radiance at the center of the sun due to stray light effects in the optics. Thus, for low CSRs, the
images of the disk cannot be used for angular distances that are larger than the disk angle. Therefore,
and due to the size of the hole in the screen used for the aureole image, a data gap between the
edge of the disk and the innermost aureole radiance measurement is present. The width of the beam
dump in the screen of the specific instrument model used here (SAM 400-series) is 0.375° (half angle),
slightly greater than the solar disk. This is to avoid superimposition of light from the disk scattered
on the screen and the light coming from the aureole. Close to the inner edge of the aureole screen, the
data cannot be used as the screen is not sufficiently even in this region. Reliable aureole data is only
measured for angles between 0.52° and 7°2. For high CSRs, the size of the gap decreases because the
normalized aureole radiance is higher and the measurement of the sun-disk camera can be used up to
higher angles. The gap in the spectral radiance profile is filled in a post-processing software developed
within this work, using a power-law fit as explained in section 3.3.
Due to the use of two cameras and separate images for the aureole and the disk, an absolute
calibration of both cameras is required although only a relative radiance profile has to be measured
for CSP performance analysis.
2The size of the beam dump in the screen in the previous SAM series was chosen to be 0.5° (Stair [2010]). The data
between 0.5° and 0.6° could not be used because because of the roughness of the screen’s edge. The necessary size of
the beam dump depends on the tracking accuracy which has been improved by Visidyne for the current SAM 400-series
due to changes of both the hardware and the tracking algorithm. This is a consequence of the discussion of SAM’s
application in a sunshape measurement system which was part of this work.
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Despite of the use of two cameras, stray light influences the aureole radiance measurement. As
this effect is systematic, its magnitude is measured and a correction is applied. This correction was
developed by DeVore et al. and is documented in DeVore et al. [2012]. The required measurements
are performed and evaluated by the manufacturer. On a clear day the spectral sunshape is measured
first with the common setup and then with an additional shadow ball. The shadow ball is positioned
such that the light from the solar disk does not reach the lens that creates the image of the aureole
on the direct way. The comparison of the radiance profile collected with and without the shadow ball
is used to obtain the coefficients ascatt,0 and ascatt,1 which are then used for the scattering correction
described by Eq. 3.1.
Lcorr(α) = L(α)− Lavg.disk · exp(ascatt,0 + ascatt,1 · ln(α/1°)) (3.1)
L(α) is the measured radiance profile as a function of α (the distance from the center of the sun; here
in degrees), Lavg,disk is the mean solar disk radiance for the particular measurement. The scattering
inside SAM’s aureole imager is described as a power law function. Negative radiances that are obtained
for the Lcorr(α) are set to the minimum of the positive values of Lcorr(α) before the further processing
of the data. The performance of this correction is also discussed in DeVore et al. [2012] and will be
analyzed in this work in connection with the general uncertainty analysis.
Both cameras use bandpass filters centered at 670 nm with a full width at half maximum of 10 nm.
The filters can be exchanged with others centered at 440 nm and 870 nm. The wavelengths have
been chosen such that comparison and cross calibration with the Cimel sun photometer (Holben et al.
[1998]) is possible. The use of a narrow spectral range is necessary for the main application of the
instrument - the retrieval of cloud optical properties. Dedicated software allows the calculation of the
optical depth at the measured wavelength and the retrieval of cloud properties such as particle size
distribution and effective radius (DeVore et al. [2009]). In a first step, the particle size distribution is
calculated, then its corresponding power-law slope and the effective radius of the scattering particles
are determined. The calculations are based on the diffraction approximation (see section 2.3).
3.2 The Cimel sun photometer
Scattering, and thus the resulting spectral sunshapes, are wavelength dependent. Therefore, the mea-
sured absolute spectral radiance profile at 670 nm must be transformed to obtain the broadband (300
- 4000 nm, see section 2.1.3) sunshape that is required for CSP applications. This is described in
section 3.3.2 below and makes use of data collected with a Cimel CE-318N EBS9 sun photometer.
This instrument is installed next to SAM and has been part of the AERONET network (Holben et al.
[1998]) since February 2011 under the site name “Tabernas PSA-DLR”.
The sun photometer measures spectral DNI at nine different wavelengths between 340 nm and
1640 nm and the spectral sky radiance at six different wavelengths between 440 nm and 1640 nm.
The spectral DNI measurements are taken in so-called direct sun triplets. In such a triplet, three
series of DNI are measured directly after each other. In each series all different filters are used. By
comparing the total optical depth derived from the spectral DNIs of the three series among each other
and to defined limits, clouds are detected (see Smirnov et al. [2000]). This cloud screening relies on the
higher temporal variability and maximum of cloud optical depth compared to aerosol optical depth.
Sky radiance measurements are obtained as so-called almucantar and principal plane measurements.
A principal plane measurement is a series of sky radiance measurements with changing instrument
elevation angle at the current solar azimuth angle. An almucantar measurement is a series of sky
radiance measurements with varying instrumental azimuth angle at the solar elevation angle.
These radiance and irradiance measurements are used to to derive information on aerosols. The
total and the aerosol optical depth are calculated from the direct sun measurements. The determination
of the aerosol optical depth involves the use of externally obtained optical depths of other atmospheric
constituents as ozone and NO2. Furthermore, the precipitable water has to be known and hence
the sun photometer includes a water vapor channel with the central wavelength of the filter close to
935 nm. Also, the aerosol single scattering albedo, the asymmetry factor, the aerosol phase function
and other parameters are determined from the measurements using inversion algorithms (currently
“Version 2 inversions”, Dubovik [2006]). The atmospheric data derived from the sun photometer with
the AERONET algorithms allow the calculation of the current solar spectrum that is needed here for
the determination of the broadband CSR, using an appropriate radiative transfer code.
Different levels of quality control are available for each AERONET station. The quality control
procedures involve various criteria including the cloud screening, and the change of the calibration
constants before and after a measurement period of one year (Holben et al. [2006]). Whenever available,
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level 2 data is used. Otherwise, level 1.5 data is used. The instrument calibration is of central
importance for the overall accuracy and provided by the AERONET following the procedure described
in Holben et al. [1998]. The Cimel sun photometers exist in various versions with different sets of
filters, with or without polarization filters and three different instrument generations have been build.
The generations have different collimators, apertures and imaging optics, which is relevant to quantify
the effect of the sunshape on the measurements.
3.2.1 Influence of circumsolar radiation on the sun photometer
As in the case of pyrheliometers, circumsolar radiation is partially detected by the Cimel sun pho-
tometer, too. Information on the sun photometer design for the three different generations can be
found in Daou [2010]. Only for the sun channel of the first generation (1992-2000) penumbra functions
calculated following Pastiels’ theory (see section 2.6.5) can be used. In all the other cases, lenses are
included in the system so that the angular acceptance of the instrument is characterized in a good
approximation by one angle, which is called field of view (FOV). For angles less than the FOV the
angular acceptance is one, for angles greater than and equal to the FOV the acceptance is zero. All
configurations except of the sun channel of the first generation use an entrance aperture and a lens
behind the collimator. In the focal plane of this lens the FOV defining aperture can be found (Ko¨hler
illumination). Directly behind this aperture a second lens (or two more lenses on the case of the third
generation infrared channel) is positioned, which leads the light passing through the aperture to the
detector. Only the first lens and the following aperture have to be considered for the calculation of
the field of view. The collimator does not affect the acceptance functions as its slope angle relative to
its own front and back aperture is greater than the FOV of the sensor head. The FOV of the second
and third generation is FOVCimel = 0.6445°±0.025° (Cimel-E´lectronique [2008]; half angle). It can be
calculated using the focal length of the first lens (100 mm) and the radius of the FOV defining aperture
(1.125 mm). The sun photometer used at PSA belongs to the third generation (Damiri [2010]).
3.3 Post-processing of the SAM and AERONET data
The third component of the SFERA sunshape measurement system is a post-processing software that
combines the SAM and the AERONET data and derives broadband and spectral sunshapes and the
broadband and the spectral circumsolar ratio. This post-processing software was developed within the
framework of this thesis and makes use of the radial spectral radiance profiles created with Visidyne’s
standard evaluation software.
For the calculation of the CSR, the angular resolution of the data is increased from 323 points to
1000 points to avoid errors in the numerical integration routine. The current solar disk angle is always
included in this higher angular resolution. In order to increase the resolution power-law connections
between consecutive points in the original aureole radiance vectors are used. The resolution of the solar
disk radiance is increased using linear connections between adjacent original points. The radiance for
the solar disk angle is determined using the gap-fitting algorithm described in the next section.
3.3.1 Radiance gap-fitting algorithm
One task of the post-processing is the data gap-fitting between what can be captured by the sun-disk
camera and by the aureole camera (from ≈ 0.26° to ≈ 0.52°). To estimate the importance of the
gap-fitting, the irradiance emanating from the gap was calculated for “standard sunshapes”, such as
those proposed in Buie et al. [2003b] or Neumann et al. [2002]. For the Buie sunshapes the calculated
fractions of the irradiance emanating from the gap relative to DNI(3.2◦) rise nearly linearly with the
CSR from 0 to 0.11 at a CSR of 0.3. It can be concluded that the irradiance contained in the data gap
represents 30 % to 50 % of the CSNI (circumsolar normal irradiance) up to 3.2°, which quantitatively
confirms the need for accurate interpolation.
From the LBL and DLR measurements, a power-law dependence on the angular distance from the
sun center is expected for the circumsolar radiance. The logarithm of such an aureole radiance can be
expressed as a linear function:
ln(L(α)) = γ · ln(α) + κ. (3.2)
Furthermore, this power-law dependence is also connected to the expected particle size distribution
of the scatterers. Power-law forms are frequently used to represent significant portions of the size
distributions of aerosols (Junge [1963]) and cirrus (Heymsfield and Platt [1984]). For a power-law size
distribution of such particles, DeVore et al. [2009] showed that the resulting aureole radiance profile
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Figure 3.3: Example for the gap-fitting for the spectral relative radiance measured with the SAM
instrument at PSA on 3/5/2013 14:30 UTC.
also tends to follow a power-law function of the scattering angle. Thus, the gap is filled using a power-
law regression of the radiance. From the existing sunshape measurements it can also be seen that the
power-law behavior with one slope γ is often not a good description for the complete aureole within
the disk angle and e.g. 7°. At times, the gradient for the innermost 1° of the aureole is different from
the gradient for higher angles. Sunshapes calculated for given cloud and aerosol properties with the
radiative transfer model MYSTIC (Mayer [2009]) show such changes of the aureole gradient especially
for cases with similar and nonzero aerosol and cloud optical depth3.
If a gap is found in the radiance profile, the following algorithm is applied. A typical example for
the gap-filling is illustrated in Fig. 3.3.
1. Remove artifacts from the region close to the edge of the screen (i.e. 0.375° to 0.52°).
2. Determine the angular interval where the slope of the inner part of the aureole is relatively
constant.
3. Determine the interception κ and the slope γ (see Eq. 3.2) of the interval found in the first step.
4. Check if the radiance is increasing towards the center of the sun.
(a) If this is the case, fill the radiances with a power-law function with these values κ and γ
(common case, see Fig. 3.3).
(b) If this is not the case, fill the gap with the constant radiance of L(0.52◦) starting at the
innermost known value of the aureole (0.52°).
5. Check if the filled radiance exceeds the minimum radiance values on the inner side of the gap.
(a) This is typically not the case, see Fig. 3.3.
(b) If that is the case, remove the filled radiance and interpolate as a power-law connection
between the highest radiance of the aureole and the lowest radiance of the inner side of the
gap.
The algorithm is applied in the post processing software and further analyzed later in the frame work
of the uncertainty analysis. As stated above, the radiance for the solar disk angle is derived from the
aureole fit, too. At times, some disk radiances are also missing between about 0.26° and the disk angle.
These angles are filled with linear interpolation between the outermost radiance within the disk and
the gap-filled radiance at the disk angle.
3The analyzed sunshapes were provided by Bernhard Reinhardt, DLR, Institute of Atmospheric Physics (see also
section 3.5.3, Reinhardt [2011]).
54 CHAPTER 3. SFERA SUNSHAPE MEASUREMENT SYSTEM
Figure 3.4: Flow chart of the spectral scaling algorithm.
3.3.2 Spectral scaling of solar radiance profiles
The second feature of SAM that makes post-processing necessary is that the measurements are per-
formed with a narrow bandpass filter. Without further corrections, only the spectral CSR can be
calculated, while broadband information is required for CSP applications. CSP plants have a quite
homogeneous spectral response within the energy rich part of the terrestrial solar spectrum (approxi-
mately from 300 nm to 2500 nm), and hence broadband measurements (defined here as 300 to 4000 nm)
are sufficient for this technology.
The large range of observed ratios of broadband CSR to spectral CSR from Evans et al. [1980]
(see Fig. 2.3) implies that a spectral correction has to be applied to the measurements. Due to the
large scatter in the values of this ratio, the correction cannot be based only on CSR. Therefore, the
correction algorithm that is presented below uses additional atmospheric parameters and is applied
directly to the radiance profiles.
Concept of the spectral scaling algorithm
Based on the spectral dependence of the extraterrestrial sunshapes, equation 2.10, and the spectral
dependence of the involved physical quantities, a scaling algorithm for the spectral sunshapes was
developed.
The flowchart of the algorithm are shown in Fig 3.4. In step A, the algorithm uses the gap-
fitted spectral radiance for a preliminary scaling of the disk irradiance. Then the clear sky CSR and
the spectral DNI are modeled with the software SMARTS (Gueymard [2001]) based on AERONET
data and temperature, relative humidity and pressure measurements (step B). The further processing
depends on whether or not clouds are masking the sun and hence a cloud detection algorithm is applied
(step C). Depending on the result of the cloud detection, different scaling methods are used (steps D1
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and D2). For scattering in clouds, this algorithm makes use of the approximation
L
(
λ2, α2 = α1 · λ2
λ1
)
≈ L (λ1, α1) ·
(
λ1
λ2
)2
· DNI0(λ2)
DNI0(λ1)
(3.3)
that was presented in section 2.3 (Eq. 2.17). Equation 3.3 provides a method to calculate the nor-
malized spectral radiance profiles for a wavelength λ1 from another spectral radiance profile for the
wavelength λ2 that was measured at the same time. For scattering without the presence of clouds
(called “clear sky sunshapes” in the following), the spectral scaling algorithm uses the clear sky CSR
as calculated with SMARTS. The thus derived spectral information is finally used to determine the
broadband sunshape and CSR (step E).
In Fig. 3.5, an example for this scaling algorithm is shown that involves clouds. Two spectral
sunshapes were measured by LBL in the Californian desert seven and eight minutes after solar noon
of 30/7/1976 (Hunt et al. [1977]). The sunshape measurements can be seen in black for λ1 = 1200 nm
and in magenta for λ2 = 420 nm. The blue triangles result from the application of the spectral scaling
algorithm on the measurement at 1200 nm. Figure 3.5 is used to explain the different steps of the
scaling algorithm, which is described in what follows. The performance of the algorithm is analyzed
later in section 3.5.3.
A. Preliminary disk radiance scaling
In the first step, the radiances emanating from the solar disk itself are preliminarily scaled indepen-
dently from the aureole corresponding to the extraterrestrial spectral sunshapes. Thus, the different
limb darkening of the spectral disk sunshapes for other wavelengths than the original wavelength is
included in the scaling. For this step, a selection of the extraterrestrial sunshapes discussed in section
2.2 are used. The radiance profiles presented by Pierce and Slaughter [1977] and Pierce et al. [1977]
were selected to describe the region between 303.3 nm and 2401.8 nm for this work. For the UV and
the far infrared radiation an interpolation through tabulated data published by Allen and Cox [2000]
is used.
The ratio of the selected extraterrestrial radiance for the original wavelength λ1 and the destination
wavelength λ2 is calculated for every data point of the disk. These fractions are then multiplied with
the measured disk radiances to obtain the preliminary disk sunshape for the destination wavelength.
This preliminary transformation of the radiance in the solar disk is indicated in Fig. 3.5 with the red
arrow close to the edge of the solar disk.
B. Modeling of clear sky CSR and spectral DNI
The aureole-scaling method depends on whether or not clouds masked the sun during the SAM mea-
surement. However, aerosol scattering has to be described in both cases. If clouds are masking the
sun, scattering by aerosol and cloud particles has to be considered. If no clouds are present, the scaling
has to describe only aerosol scattering. Also the spectral DNI is required for both situations.
Therefore, the modeled spectral clear sky CSR, CSRSMARTS(λ), and the spectral DNI are calcu-
lated using a slightly modified version of the SMARTS 2.9.5 code (Gueymard [2001]) for wavelengths
from 280 to 4000 nm in steps of 5 nm. The input values for this calculation come basically from
cloud-screened AERONET data4:
• spectral aerosol optical depth and optical depth of other atmospheric components (NO2, O3 and
Rayleigh atmosphere),
• precipitable water,
• aerosol single scattering albedo,
• asymmetry factor,
• ozone concentration and
• aerosol phase function.
4Level 2 data was used for PSA until May 2013 and 1.5 afterwards.
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Figure 3.5: Example for the spectral scaling algorithm for measurements from Hunt et al. [1977].
The nearby meteorological station contributes atmospheric pressure, ambient temperature and rela-
tive humidity (see description of instrumentation in appendix B). Alternatively, atmospheric pressure
can be used from the AERONET data. The modifications of the SMARTS code allow the usage of
user defined values for the single scattering albedo, the asymmetry factor and A˚ngstro¨m’s wavelength
exponents αAng,1 and αAng,2 together with the selection of the phase function model. The four co-
efficients of the modified A˚ngstro¨m model (Bird [1984]) are determined by two linear regressions of
the natural logarithm of the AERONET wavelength and the aerosol optical depths, τaero(λ). The
CO2 concentration is obtained using a model which includes its seasonal variation as well as its annual
increase5.
For the exemplary LBL radiance measurements from Fig. 3.5 no such detailed atmospheric data
are available. Hence, a standard atmosphere and a typical rural aerosol type based on a reference
aerosol model (Anon [1976], Shettle and Fenn [1979]) are used in SMARTS. The aerosol optical depth,
τaero(670 nm), is estimated as 0.1. These selections are not crucial for the scaling, because scattering
is dominated by clouds in this example. This can be concluded from both the temporal variability
(higher than under clear conditions) and the lower-than-normal magnitude of the irradiance readings
(from the collocated radiometers) during the sunshape measurements. An automatic cloud detection
algorithm is used in the SFERA measurement system as explained in the next paragraph.
C. Cloud detection algorithm
The further spectral scaling of the sunshape depends on whether or not clouds were involved in the
scattering process. For the cloud detection the cloud optical depth, τcloud, is calculated as
τcloud(λSAM ) = τSAM (λSAM )− τaero(λSAM ). (3.4)
For the calculation of τaero(λSAM ) in Eq. 3.4 the exact filter transmission of the SAM and the sun
photometer have to be considered. The bandpass filters used in the SAM are chosen to be centered
5The annual increase of CO2 concentration is determined as a linear regression based on reported CO2 concentrations.
While the 1976 US Standard atmosphere uses a CO2 concentration of 322 ppm belonging to measurements from 1970
(Anon [1976]), the average values for the US and Europe using the data from 2003 - 2005 shown in Schneising et al.
[2008] are around 375 ppm. Thus, an increase of 1.5 ppm/a is assumed. For the northern hemisphere, the seasonal
variation around the average of a given year is modeled as overlayed linear decrease of 12 ppm between the 100th day of
the year and the 210th day of the year followed by an identical linear increase till the 100th day of the next year. The
three stated parameters and analog values for other sites are averages of values for the northern hemisphere presented in
Olsen and Randerson [2004]. Crosscheck of all input parameters with measurements at Mauna Loa covering 1958-2000
(presented e.g. in Liou [2002]) show good agreement.
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at 440 nm, 670 nm and 870 nm. These wavelengths, λSAM , are close to the central wavelengths of
the Cimel sun photometer’s filters, but not exactly the same. Thus, the AERONET data is corrected
using the modified A˚ngstro¨m coefficients as defined by Bird [1984] (see Eq. 2.12). The then obtained
τBird(λSAM ) for the wavelength of the SAM filters is only an intermediate result. In order to obtain
a result that is less influenced by the approximation with Bird’s modified A˚ngstro¨m model, the used
aerosol optical depth from the sun photometer τaero(λSAM ) is calculated as
τaero(λSAM ) = τBird(λSAM ) · τaero(λclosest)/τBird(λclosest). (3.5)
λclosest is the central wavelength of the AERONET filter that is closest to that of the SAM filters
(675.3 nm and 870.2 nm for 670 nm and 870 nm respectively for 2012 and PSA)6.
The particulate optical depth, τSAM , is calculated from the measured radiance profiles and the
atmospheric optical depths for ozone (τO3), NO2 (τNO2) and the other non-particulate atmospheric
components (τRayl, basically Rayleigh scatterers) which are contained in the AERONET files
7. It is
the sum of τcloud and τaero:
τSAM (λSAM ) = − 1AM · ln (DNISAM (λSAM , αdisk)/DNI0,SAM )
−τO3(λclosest)− τNO2(λclosest)− τRayl(λclosest). (3.6)
The spectral DNI, DNISAM (λSAM , αdisk), for the solar disk and λSAM is calculated as the angular
integral of the radiance measurement after the application of the final calibration (see section 3.4.4).
AM is the airmass which is calculated according to Kasten and Young [1989] using the solar position
determined according to Michalsky [1988]. The extraterrestrial spectral DNI, DNI0,SAM , is derived
considering the spectral transmittance of SAM’s filter (Thorlabs models FB670-10 or alternatively
FB870-10; Thorlabs [2013a], Thorlabs [2013c]). First, the current spectral extraterrestrial irradiance
is calculated from the average and the current sun earth distance from section 2.1.1 and ASTM [2006a]
(as delivered with SMARTS 2.9.5). Then the weighted average of the spectral DNI is determined with
the transmittance as weighting factors. This results in DNI0,SAM = 1.52797 W/(m
2 · nm) for 670 nm.
A cloudless situation is assumed if all of the following conditions are fulfilled:
• The radiance decreases monotonically from the sun center within the innermost 4° of the sun-
shape.
• The cloud optical depth is less than 0.025 (τcloud < 0.025).
• The temporal variability of τSAM is less than 0.01 per minute.
For the example described by Fig. 3.5, the temporal variations of the pyranometer readings during
the sunshape measurements indicated the presence of thin clouds. τcloud = 0.25 is estimated based
on the known values of CSR (approximately 0.1, for αout = 3.2°), DNIexp (from the active cavity
pyrheliometer, see Noring et al. [1991]), solar elevation and the estimation of τaero(670 nm).
D1. Spectral scaling for scattering in clouds
If a cloud was detected at the previous step, an additional scaling of the aureole is performed using
Eq. 3.3, as indicated by the green arrows for the angle and radiance transformations in Fig. 3.5.
The minimum of the preliminary spectral radiance emanating from the solar disk is used as an
upper limit for the radiance transformation. The radiance obtained using Eq. 3.3 for a certain angle
is set to this upper limit if the result is greater than it. The scaling of the angular distance from the
center of the sun, which forms part of the approximation for cloud scattering (Eq. 3.3), requires further
gap fitting or extrapolation of the aureole. After that, the preliminary spectral CSR, CSRprelim,1(λ),
is calculated for the target wavelength. The CSR is always calculated with the same inner and outer
boundary angles, when describing the spectral scaling and hence only the wavelength is given as the
6The average correction due to the ratio τaero(λSAM )/τaero(λclosest) is smaller than 1 % (e.g. average ratio 1.0046
with a standard deviation of 0.0023 for June 2012).
7For the determination of τSAM the assumption is used that the difference “τO3(λclosest) − τNO2(λclosest) −
τRayl(λclosest)” does not change due to the deviation of the filter transmittances of the sun photometer and the SAM.
The effect on the post-processing is negligible as the expected change of τSAM is small (≈ 0.001). Also, τSAM and τcloud
are only used for the cloud detection and for the weighting of the effects of aerosol and cloud scattering, as explained in
the next two paragraphs. To avoid the effect of errors of τSAM on the cloud detection, no cloud is detected for small
τcloud. Instead, the cloud detection algorithm is defined such that it mainly relies on the temporal variation of τcloud.
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argument in the following8. CSRprelim,1(λ) is used for a second correction of the solar disk’s radiance.
If CSRprelim,1(λ) for the target wavelength is greater than the measured spectral CSR at λSAM ,
CSR(λSAM ), the radiance at the edge of the solar disk is reduced by an amount that compensates for
the increase of irradiance emanating from the aureole (gray arrow).
The thus obtained spectral radiance profiles are also only preliminary results as they do not in-
clude the spectral dependence of aerosol scattering. Therefore, these preliminary spectral profiles and
their CSR, CSRprelim,2(λ), are transformed further corresponding to the modeled clear sky CSRs,
CSRSMARTS(λ). The spectral CSR caused by clouds, CSRcloud(λSAM ), is defined and calculated as
CSRcloud(λSAM ) = CSR(λSAM )–Tcloud · CSRSMARTS(λSAM ). (3.7)
The extinction of beam irradiance in clouds is assumed to take place before any further scattering
event, e.g. a scattering event involving aerosol particles. This explains why the cloud transmittance,
Tcloud, appears as a factor in front of CSRSMARTS in Eq. 3.7. The cloud transmission is calculated
from τcloud as determined for λSAM assuming the same τcloud over the used spectral range.
With the thus derived CSRcloud(λSAM ), CSRcloud(λ) is calculated as
CSRcloud(λ) = CSRprelim,2(λ) · CSRcloud(λSAM )
CSR(λSAM )
(3.8)
for wavelengths from 280 to 4000 nm in steps of 5 nm. Then CSR(λ) is determined as
CSR(λ) = CSRcloud(λ)+Tcloud · CSRSMARTS(λ). (3.9)
The spectral radiance profiles have to be transformed according to the changed CSRs from Eq. 3.9,
too. Thus, the preliminary spectral aureole radiance is multiplied by
CSR(λ)
1− CSR(λ) ·
1− CSRprelim,2(λ)
CSRprelim,2(λ)
. (3.10)
D2. Scaling for clear sky sunshapes
If no cloud was detected, the further spectral scaling only relies on the spectral sunshapes after the
correction of the disk radiance from step A and the calculated spectral CSR, CSRSMARTS . The final
spectral CSR, CSR(λ), is obtained as
CSR(λ) = CSRSMARTS(λ) · CSR(λSAM )
CSRSMARTS(λSAM )
. (3.11)
Then the spectral radiance profiles are scaled corresponding to the calculated spectral CSR. Here a
simple approximation is used. The spectral aureole profiles are multiplied by
CSR(λ)
1− CSR(λ) ·
1− CSRprelim,3(λ)
CSRprelim,3(λ)
(3.12)
in order to obtain a spectral sunshape with the circumsolar ratio CSR(λ). CSRprelim,3(λ) is the
spectral CSR for the sunshapes after the mentioned correction of the disk radiance from step A of the
spectral scaling.
E. Determination of broadband CSR and sunshape
For large preliminary CSRs close to 1, equations 3.9 and 3.11 can result in CSR(λ) above 1, which is
physically not possible so that such results are set to 1. In this case, equations 3.12 and 3.10 are not
valid and the complete relative radiance profile of the corresponding spectral profiles are set to 1 as an
approximation.
Finally, the broadband CSR, CSRBB , and the broadband sunshape are calculated by weighting
the spectral values just obtained with the present spectral DNI calculated with SMARTS. Also, the
spectral response of the power plant can be included in the weighting. However, as the spectral response
of CSP plants is very flat (especially for the most interesting example discussed in this work, tower
systems with absolute cavity receivers) no plant specific weighting was applied for the evaluations.
It should be mentioned that the complete spectral correction leaves the directly measured spectral
radiance profile unchanged. The accuracy of the scaling algorithm will be presented in section 3.5.3.
8In the example from Fig. 3.5 the current disk angle αdisk and 3.2° are used as inner and outer boundary angles.
The algorithm is also apllied for other boundary angles, e.g. 5° for the uncertainty analysis in section 3.5.3 and 7° for the
processing of the SFERA sunshape measurements. As long as all CSRs in the scaling for one sunshape are calculated
with the same pair of angles this has only a negligible influence.
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3.4 Calibration of SAM
3.4.1 Introduction and manufacturer calibration
The use of two cameras creating non-overlapping datasets for the disk and the aureole regions causes
an error in the spectral CSR if the absolute radiometric calibration of the CMOS cameras and the
bandpass filters is not correct. For the specific applications envisioned here, the main potential problem
is that systematically wrong calibration factors of the aureole camera and/or of the sun disk camera
can artificially decrease or increase the difference of the radiance between the two parts of each profile.
Hence, a post-calibration method was developed for the SAM data in order to reduce the corresponding
error.
The complete calibration of the SAM radiance measurement consists of two steps. The first step is
applied during the conversion of the photos of both cameras to the raw absolute radiance profiles and
is performed by the manufacturer. This preliminary calibration involves the selected exposure times
of both cameras, their filters and their temperature response (DeVore et al. [2009], Villanucci [2010]).
The temperature range of the calibration is -10°C to 40°C. The operation of the used CMOS cameras
is possible up to 50°C according to Pixelink [2004].
For the disk camera, this preliminary calibration is based on the AERONET data from PSA for
clear skies. For the aureole, Visidyne uses a NIST (National Institute of Standards and Technology,
USA) traceable calibrated light source. This calibration was evaluated and improved using the co-
located sun photometer data independently from the manufacturer and finally, a post-calibration was
added. For the aureole camera, this post-calibration also includes the correction of the aureole radiance
for scattering in the SAM’s optics.
The reference for the calibration is determined based on the AERONET total optical depth,
τtot,Cimel, and the AERONET almucantar radiances. Spectral, temporal and circumsolar corrections
are necessary for the calibration. As the SAM measurements have a higher sampling rate than the
AERONET optical depth and almucantar measurements, two SAM measurements just before and after
the AERONET data are interpolated linearly to obtain the test dataset for the time of the reference
measurement. This is not a relevant restriction as the SAM data is sampled with a frequency of 1/min
or 5/min and only cloud screened AERONET data is used. In addition to that, spectral transforma-
tions between the sun photometer’s filter wavelength and that of the SAM are performed, and the
effect of the finite opening angle of the sun photometer is included. This is explained below followed
by experimental results. Only measurements obtained after the cleaning of the SAM till sunset are
used to avoid the influence of a potentially soiled entrance window.
Within this section on the calibration, also the uncertainty for the SAM’s disk and aureole irradiance
measurement is derived, as it is directly connected to the results of the calibration process.
The SAM unit from PSA included exchangeable filters with the central wavelength of 670 nm and
870 nm. The calibration procedures can be applied for both filter types. In the following presentation
of the calibration procedure the results of the calibration of the 670 nm filters are shown. Later also
the results for the 870 nm filters are presented. The calibration for Masdar Institute’s replica of the
SFERA system is performed using the same method as for PSA and also summarized at the end of
this section.
3.4.2 Aureole radiance post-calibration
The post-calibration of the aureole radiances makes use of the almucantar radiances from the AERONET
data as reference. The test data for the calibration is derived from the scattering corrected SAM aure-
ole radiance. The objective is to derive a calibration factor that transfers the measured SAM radiance
into the reference.
The SAM radiance data is interpolated in time to obtain information for the measurement times
of the almucantars. To avoid errors caused by this temporal interpolation data points are excluded
if the closest SAM measurement was taken more than 30 seconds before or after the almucantar
timestamp9. A data point obtained from this temporal interpolation is not used if the CSR of the last
SAM measurement before the almucantar and the next one after it deviate by more than 0.01 from
each other.
9This limit of 30 seconds is much less restrictive than the exclusion criteria for common pyrheliometer calibration
as specified in ISO 9059 (ISO [1990a]). Due to the long duration of the almucantar measurement that is later stored
under one timestamp, the exclusion with a smaller limit is not useful. The same explanation will also be used for the
calibration of the disk camera as the “direct sun triplet measurement” with nine filters which also takes approximately
one minute.
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For the radiance measurement with the small circular aperture, the sun photometer’s collimators are
directed towards a point with defined angular distances from the center of the sun. For the almucantar
measurements the angular distance αsphot from the center of the sun is not equal to the azimuthal
deviation φalmu from the solar position that is given in the AERONET data. The transformation is
possible with the solar zenith angle θSZA (see e.g. Tonna et al. [1995]):
cos(αsphot) = cos
2(θSZA) + sin
2(θSZA) · cos(φalmu). (3.13)
When comparing the measured radiances to sunshape measurements, further corrections for the devi-
ation between the SAM’s and the sun photometer’s filters and for the finite field of view (FOV) have
to be applied as presented in the following.
Spectral transformation of reference dataset
In the first step, the reference dataset from the AERONET is corrected for the deviation of the central
wavelength of the SAM filter and the closest wavelength of the AERONET almucantar λclosest as
Lref (α, λSAM ) = Laero(α, λclosest) (3.14)
· DNISMARTS(λSAM , αlim,SAM ) · CSR(λSAM , αlim,SAM )
DNISMARTS(λclosest, αlim,SAM ) · CSR(λclosest, αlim,SAM )
with the radiance from the AERONET almucantar Laero and the reference radiance for the calibration
Lref . For this correction the spectral DNI, DNISMARTS(λ, αlim,SAM ) including the complete aureole
obtained from the SAM measurement is used. This DNI is obtained with the SMARTS code for both
involved wavelengths as explained above. The spectral CSR for the same maximum angle αlim,SAM
and both wavelengths is also included. The change of the spectral irradiance and that of the phase
function are included approximately. The usage of the preliminary calibration on the ratios of the
spectral CSRs does not cause an error, as this ratio depends on the spectral CSRs from SMARTS
(the CSR from the SAM measurements CSR(λSAM ) in Eq. 3.11 is eliminated in the ratio)
10. The
correction for the used measurements is smaller than 1 %.
Treatment of the sun photometer’s FOV
Another deviation between the sun photometric radiance measurements and the radiance given in the
SAM’s radiance data Lcorr for a specific angle α is caused by the finite size of the field of view of the sun
photometer. The sun photometer is calibrated in terms of radiance for the almucantar and radiances
are calculated and given in the AERONET data. The sun photometric radiance measurement is a
weighted average of the radiance within the FOV (half angle FOVCimel ≈ 0.64◦).
Thus, the spectral radiances from the SAM measurement are extracted for the angle intervals inside
the field of view and their weighted average is calculated. The simple calculation of the weighted average
that is presented in the following avoids the creation of a not radially symmetric two dimensional
radiance map.
Consider a sun photometer measurement for a point at angular distance αsphot from the center of
the sun. Due to the circular aperture, the radiances at angular distances of αsphot±FOVCimel will not
contribute to the measurement, because the width of the circle that is given by the aperture is zero
for these points. Here, the “width of the circle” is measured perpendicularly to the plane defined by
the center of the sun and the optical axis of the sun photometer. The radiance at αsphot contributes
most, because the width of the circle is maximal for αsphot. It is assumed that the radiance is the
same for all points on the line giving this width. This is an acceptable approximation for the used
angular distances αsphot and FOVCimel. For intermediate angular distances α from the center of the
sun, the contribution to the weighted average is assumed to be proportional to the width of the circle
at α. This width relative to FOVCimel is used as a weighting factor for the calculation of the SAM
radiances within the sun photometer’s FOV, Lcorr(α), and given by√
1− (α− αsphot)
2
FOV 2Cimel
. (3.15)
The weighted average LSAM (αsphot) of the SAM measurement Lcorr within the sun photometer’s FOV
is then used in the aureole calibration.
10It is correct to assume that the equation for aerosol scaling is used. For the calibration, only such AERONET
measurements are used that have passed the cloud screening and further exclusion rules are applied on the SAM data
as explained in the text.
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Figure 3.6: Ratios ρaur,Aero/SAM = Lref/LSAM of the spectral radiances for the aureole calibration
including averages and standard deviations within given CSR bins (separated by vertical lines). The
average ratio for CSRs between 0.01 and 0.45 is also shown as a horizontal line. The color bar shows
the time in days since 1/1/2011.
Comparison of reference and test radiance
Before the reference radiances are finally compared to LSAM , unsymmetrical almucantars are discarded
to avoid the influence of tracking errors of the sun photometer and inhomogeneous cloud and aerosol
layers. If the difference between the left and the right almucantar radiances for the same angle is
greater than 3 % of their average, both the left and the right radiance value are removed from the
calibration dataset.
Figure 3.6 shows the comparison between the reference radiance and the test radiance in terms of
the ratio
ρaur,Aero/SAM (λSAM , t) = Lref/LSAM (3.16)
as a function of the broadband CSR calculated up to the limit angle of the SAM, CSRBB(7
◦). All
ratios obtained from May 2011 to December 2012 with the 670 nm filter are shown. No data is shown
for the interval starting on 4/7/2011 as the 870 nm filter was installed in this interval while the 670 nm
filter was used in all other cases. Also, no data is shown for March and April 2012 as the sun photometer
was recalibrated by AERONET Europe then.
For the further evaluation of the ratios, the set is divided in to five bins of CSR and outliers are
removed. The outliers are defined within each CSR bin as ρaur,Aero/SAM (λSAM , t) that deviate by
more than three standard deviations from the median of the ρaur,Aero/SAM (λSAM , t) in the CSR bin.
An additional sixth wider bin includes all CSRs between 0.01 and 0.45. The average of the ratios
after the exclusion of the outliers in this wide bin is ρaur,Aero/SAM,avg. The exclusion of CSR below
0.01 avoids the effects of instrumental scattering and will be explained in the following discussion of
the results. Within the five CSR bins, the averages ρaur,Aero/SAM,CSR and the standard deviations
σ are calculated. Also the coefficients of variation (COV) is calculated for each bin. Furthermore,
the relative root mean square deviation (RMSD) RMSDrel is calculated as the RMSD divided by
ρaur,Aero/SAM,avg.
These averages ρaur,Aero/SAM,CSR and the standard deviations (as error bars) are also shown in
Fig. 3.6. The CSR bins are shown by the dashed vertical lines. In the graph the horizontal line shows
the average of the ratios ρaur,Aero/SAM,avg. The bins and the corresponding averages, COVs and
RMSDrel can be found in Tab. 3.1.
Discussion of the results and determination of the calibration constant
The found high RMSDrel between 0.15 and 0.3 can be caused by errors of both instruments, the
temporal deviation between the almucantars and the SAM measurement and the duration of both
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measurements, in particular that of the sun photometer. Different relevant effects are discussed and
finally the calibration constant is determined.
The assumption that the sunshapes are radially symmetric should not have a noticeable effect, as
asymmetric sun photometer data was sorted out.
Also, influences of the recalibration of the sun photometer were investigated. The recalibration of
the by AERONET Europe in 2012 shows a change of +0.3 % for both the 670 and the 870 nm channel
relative to 2011. The relative change from March 2012 to July 2013 for the 670 nm channel is 2.7 %,
which is noticeably higher than the change between 2011 and 2012, but still negligible relative to the
RMSDrel.
However, tracking errors of the sun photometer can have an effect as the aureole radiance is quite
steep. They are within 0.05° for a well aligned instrument (Dubovik and King [2000]). An estimation
of the effect of the tracking errors shows that the overall uncertainty of the radiance measurements
from the sun photometer lies in the range of 6 to 8 %11. Here, the calibration uncertainty of the aureole
radiance measurements of the Cimel sun photometers after calibration for AERONET of 5 % is used
(Holben et al. [1998]). The sun photometer’s uncertainty contributes noticeably to the RMSDrel, but
it is still much lower than all found RMSDrel.
In the light of this discussion, the application of AERONET data as a reference is acceptable. Also
the influence of scattering of radiation within the SAM’s optics and the accuracy of the corresponding
correction have to be considered. For the radiance measurements for one single angle, the scattering
correction can reach at times thrice the radiance after the correction. This result for the SAM 401
was also found in some examples presented in DeVore et al. [2012] for a 300 series SAM. These high
relative corrections seem alarming on the first sight, but the absolute error for the radiance and the
CSR has to be considered. Such high relative deviations occur only for low aureole radiances that are
connected to high disk radiances (CSR is small). In Fig. 3.6 it can also be seen that for low CSR the
ratios are scattered more than for CSR above 0.05.
As the high deviations (0.4 > ρaur,Aero/SAM (λSAM , t) > 1.5) occur only for low aureole radiances,
the resulting absolute uncertainty for the CSR is relatively small (≈ 0.005). This can be explained
by the fact that such high relative corrections of the aureole radiance occur only for small aureole
radiances and high disk irradiances. The corresponding uncertainty of the CSR will be discussed in
detail in section 3.5. For the calibration it is only relevant to know that there is a systematic effect
of the scattering on the found ratios that causes ρaur,Aero/SAM (λSAM , t) greater than 1 for low CSR.
The calibration for such low CSR would decrease the quality of the calibration constant for higher
CSR, and the behavior of the SAM is rather dominated by the later discussed instrumental scattering
than by the quality of the calibration constant. Therefore, ρaur,Aero/SAM (λSAM , t) are not included
in the calculation of the calibration constant for CSRBB(7
◦) < 0.01. By excluding the low CSR the
influence of instrumental scattering on the calibration is reduced. It is also important to consider that
the calibration constant of the aureole camera influences the absolute value of high CSR more than
the absolute value of very low CSR.
A temporal evolution of the ratios during the complete measurement campaign is not found, al-
though the SAM’s entrance window was exchanged on 7/4/2011. Hence, only one calibration constant
for all times is calculated. The ratio ρaur,Aero/SAM,avg presented in the table is used as the final
calibration constant.
3.4.3 Accuracy of the aureole irradiance measurement
The uncertainty of the aureole irradiance measurement is estimated using the RMSDrel of the ob-
tained ρaur,Aero/SAM , an uncertainty for the spectral correction and the calibration uncertainty of the
AERONET data. It is calculated as
∆relCSNIλ(αdisk, 7
◦) =
√
52 + 12 +RMSD2rel % (3.17)
and presented for the different CSR intervals in Tab. 3.1. Here, the calibration uncertainty of the sun
photometer of 5 % and the uncertainty of the spectral correction for the different filter wavelengths
of 1 % are used. The correction for the differences between the filters is not investigated in detail as
11To estimate the influence of this tracking error the relative change of the radiance within ±0.05° around angular
distances from the sun of α of 2°, 3° and 4° is calculated for various Buie sunshapes. The average of this relative change
for tracking errors towards smaller and bigger α is determined. For each central angle the average of the results for
different sunshapes and the standard deviation is calculated. 32 Buie sunshapes with CSR(3.2◦) between 0 and 0.3
are used for this estimation. For 2° the average relative changes are 5.5 % with a standard deviation of 1.3 %. The
corresponding results are 3.4 % ±0.8 % for 3° and 2.7 % ±0.7 % for 4°. The uncertainty for the reference radiance is
estimated to be
√
52 + 5.52 % = 7.4 % for 2° and
√
52 + 32 % = 5.8 % for 4°.
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the correction itself is only 1 % and thus much lower than the RMSDrel. Here, the tracking errors
of the sun photometer do not have to be included. The corresponding uncertainty is also included in
RMSDrel of ρaur,Aero/SAM (λSAM , t) as discussed before. Thus, the uncertainty due to tracking errors
does not have to be known precisely separately for the estimation of the SAM’s accuracy.
Another question concerning the uncertainty of the presented calibration approach concerns the
angular distances from the center of the sun for which the reference radiance was available. While
for the calculation of the CSR the energy richer region close to the solar disk is most important, the
AERONET almucantars are only available for angles> 2°. Furthermore, most of the reference radiances
belong to angles between 3° and 6°. This means that the calibration was carried out with rather small
radiances and only for the outer part of the aureole. Hence, it has to be assured that the calibration is
neither angle nor radiance specific. The SAM’s radiance measurements consist of a photo series with
different exposure times as explained above. For small radiances, the SAM measurements rely on the
photos with medium and longer exposure times. Separate calibration coefficients are derived for the
different exposure times during Visidyne’s aureole calibration. The single post-calibration coefficient
corrects the initial calibration for all exposure times. This is sufficient because the SAM’s aureole
radiance measurement is continuous. No steps occur where the information from one photo ends and
that of another photo with another exposure time is used.
Another doubt might be whether or not the scattering correction of the aureole radiance performs
differently in different angular regions. This is a restriction for the used calibration method, but the
effect of the scattering correction on the CSR is quantified later (section 3.5.2) and is found to be small
(absolute uncertainty for the CSR of 0.005). Furthermore, no significant change of the average ratio
with the angle and its scatter can be found within the available angular interval of αsphot from the
reference radiance.
3.4.4 Disk radiance post-calibration
The post-calibration for the disk radiance makes use of a reference irradiance derived from the total
optical depth, τtot,Cimel, from the AERONET sun photometer and the extraterrestrial irradiance. The
test irradiance is obtained from integration of the spectral sunshape measured with SAM after the
scattering correction and the gap-fitting. It is written as DNItest(λSAM , FOVCimel). A calibration
factor is determined that converts the test irradiance into the reference. The same factor can then be
applied on the SAM’s disk radiance measurements. As before for the aureole calibration, corrections
for the FOV of the sun photometer and spectral corrections are included in the calibration procedure.
In order to avoid calibration errors caused by circumsolar irradiance, the test irradiance is the
spectral DNI with the outer boundary angle FOVCimel (FOV of the sun photometer). Thus, the test
irradiance is better comparable to the sun photometer measurements.
The corresponding spectral circumsolar ratio with the same outer limit angle (FOVCimel) is calcu-
lated and used to exclude measurements that might be affected by circumsolar radiation, too. Only
measurements with
CSR(λSAM , FOVCimel) < 0.01 (3.18)
are used. Hence, the information from the aureole camera does not affect the calibration of the disk
camera. Then the test irradiance is interpolated linearly in time to achieve the test value for the
same timestamps as the reference dataset. The test irradiances are used only if the temporal distance
between the SAM measurement and the timestamp of the AERONET total optical depth data is less
than 30 seconds (see comment in footnote 9).
Calculation of the reference irradiance and calibration factors
The reference irradiance is calculated as
DNIref (λSAM , FOVCimel) = DNI0,SAM (3.19)
· exp(−AM · τtot,Cimel(λclosest))
· DNISMARTS(λSAM , αlim,SAM )
DNISMARTS(λclosest, αlim,SAM )
.
The extraterrestrial spectral irradiance DNI0,SAM and the airmass AM are calculated as explained
after Eq. 3.6.
As for the aureole calibration, the AERONET data is corrected for the deviation of the spectral
transmittance of the filters used in the sun photometer and the SAM. Thus, the ratio of the spectral DNI
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obtained from the SMARTS calculation, DNISMARTS(λ, αlim,SAM ), at both wavelengths appears as
a corrective factor. Furthermore the SAM’s limit angle is used for the calculation of this factor instead
of the sun photometer’s field of view12.
Finally, the ratios of the test and the reference DNI
ρdisk,Aero/SAM (t) =
DNItest(λSAM , FOVCimel, t)
DNIref (λSAM , FOVCimel, t)
(3.20)
are calculated for all selected measurements at times t. From these ratios the calibration factors are
derived.
The calibration constants are derived for different temporal calibration intervals in order to avoid
errors due to calibration drift. The time series of ρdisk,Aero/SAM (t) is inspected and the calibration
periods are selected such that steps within one period are avoided.
The median of ρdisk,Aero/SAM (t) for each calibration period and the coefficients of variation (COV)
of these ratios are determined. The final calibration constant for each calibration period is obtained
as the average of the ρdisk,Aero/SAM (t) after removing outliers that deviate more than twice the COV
from the median of the ratios.
Disk post-calibration results
These averages of the ratios ρdisk,Aero/SAM (t) from all calibration periods are shown in Fig. 3.7. The
corresponding standard deviations of the series of ρdisk,Aero/SAM (t) before removing the outliers are
also shown.
No data is shown for the interval from July 5, 2011 to October 30, 2011, as the 870 nm filter was
installed in this interval. The 670 nm filter was used in all other cases. For the interval starting on
March 1, 2012, the standard deviation is high (COV = 0.098) and not visible in the graph. For this
calibration period, the AERONET data from the station in Malaga was used as the sun photometer
was sent to AERONET Europe for recalibration. Due to the high COV, the data is excluded and the
post-calibration from February 2012 is used. It is concluded that the calibration procedure is not valid
for a non co-located sun photometer. Further restrictions of the used reference data to measurements
with spatially and temporally constant optical depths might allow the post-calibration for sites without
a collocated sun photometer. Alternatively, a Langley calibration method (Harrison and Michalsky
[1994]) could be used for such sites.
The shown averages per interval (except of the result from 12-03-01) are multiplied with the disk
radiance delivered by the SAM system before the further post-processing from section 3.3.
Discussion of the post-calibration results
The deviation of the correction factors ρdisk,Aero/SAM of 6 to 11 % from 1 is quite high, but can be
explained. An important systematic influence comes from the manufacturer’s calibration. The reason
for this is that Visidyne’s calibration is not focused on absolute radiances for the solar disk, but only
on the optical depth. They used an extraterrestrial irradiance for the SAM’s 670 nm filter which was
5 % lower than that obtained from ASTM E490 (Villanucci and LePage [2012]). Also, they did not
apply a spectral correction for the deviation between the central wavelengths of the SAM and the
sun photometer. Furthermore, Visidyne did not correct for circumsolar radiation and calculated the
disk irradiance directly from the composite radiance maps without increasing the angular resolution
close to the solar disk (18 - 20 different angles instead of 657). Thus, systematic deviations of the
manufacturer’s preliminary calibration and the presented results of 5 - 7 % as found for spring 2011
are explainable. As Visidyne used data from May 2011 for their calibration, the remaining questions
concern the variation of the calibration constants.
The variation of the calibration constants between the different calibration periods is higher than
the standard deviations within each calibration interval. For winter 2011/2012, ρdisk,Aero/SAM is
higher than in all other cases. On 4/7/2011 the entrance window and the bandpass filter of the SAM
instrument were exchanged, so that the deviation between summer and winter 2011 can be explained.
In summer 2011 the 870 nm filters were used.
The step in spring 2012 is interpreted as the effect of filter aging. The step cannot be explained
by the recalibration of the sun photometer. Calculating with the calibration constant from 27/3/2012,
12As only a ratio is used and as only low CSRs are accepted this assumption has no visible effect. Also, the SMARTS
results for 5 nm wavelengths intervals are used. The real spectral transmittance of the filters is not used for the
calculation of DNISMARTS(λ, αlim,SAM ) unlike in the case of DNI0,SAM . The effect of this assumption is included
in the uncertainty analysis for the post-calibration.
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Figure 3.7: Calibration factors ρdisk,Aero/SAM for the 670 nm filter at PSA derived from
DNItest(λSAM , FOVCimel) and DNIref (λSAM , FOVCimel) for different calibration periods. Between
11-07-05 and 11-10-30 the 870 nm filter was installed and hence no data is presented. On 11-07-04 the
entrance window of the SAM unit was changed. The interval starting on 11-03-01 used AERONET
data from Malaga and the calibration result for this period is discarded. The change of the calibration
constant in spring 2012 is interpreted as filter aging.
the irradiances for the 670 nm channel of the sun photometer are only 0.6 % higher than with the
constant from 20/1/2011 (-0.4 % for 870 nm). The relative change from 2012 to July 2013 for the
670 nm channel is 0.4 %. For the AERONET level 2 dataset, the change of the calibration constant is
assumed to be linear in time and is included in the results also before the recalibration. In a previous
version of the sun photometer, decay rates of the calibration constant for the 670 nm (and also the
870 nm) channel of up to 11 % per year were reported (Holben et al. [1998]). The SAM also uses
interference filters. Based on the reported experience with the early version of the sun photometer,
the found variation of the calibration constants starting in winter 2011/2012 are not surprising, and
the calibration results are assumed to be valid.
3.4.5 Uncertainty of the spectral disk irradiance measurement
The uncertainty of the SAM’s disk irradiance measurement for the used filter wavelength is estimated
based on the uncertainty of the reference irradiances for the calibration and the COVs.
The uncertainty of the used extraterrestrial spectral irradiance is
∆DNIext = 0.5 % (3.21)
(see Neckel and Labs [1984]13).
Furthermore, the uncertainty of the SAM filter’s central wavelength of ±2 nm is considered. It is
estimated using calculations with slightly varied transmittance data14. The uncertainty contribution
to the SAM’s disk irradiance measurement is described as
∆DNIfilt = 0.5 %. (3.22)
13The extraterrestrial spectrum from ASTM E490 for the used wavelength range (around 670 nm and 870 nm) is
equivalent to the spectrum presented by Neckel and Labs [1984].
14The average of the extraterrestrial spectrum weighted with the spectral transmittance of the 670 nm filter,
TSAM,670(λ), (Thorlabs [2013a]) is calculated for changed transmittance functions TSAM,668(λ) and TSAM,672(λ)
with central wavelengths of 672 nm and 668 nm. The transmittance TSAM,668(λ) is defined as TSAM,668(λ) =
TSAM,670(λ − 2nm). The deviation of the weighted transmitted extraterrestrial irradiance from the result for the
design transmittance TSAM,670(λ) is determined. The same is done for TSAM,672(λ). The average of the two exemplary
deviations is ∆DNIfilt = 0.5 %.
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Also, additional errors due to the spectral correction for the different bandwidth filters have to be
considered. This is estimated as
∆DNIspecor = 1 %. (3.23)
The uncertainty of the sun photometer has to be considered, too, and a corresponding uncertainty
contribution, ∆DNIaero, is derived. Holben et al. [1998] state an uncertainty of ≤ 0.01 for the slant
aerosol optical depth of newly calibrated AERONET sun photometers for wavelengths greater than
440 nm. This can be transformed in an irradiance using exp(−AM · τtot,Cimel(λclosest)). The aerosol
optical depth is derived from the measurement of the total optical depth and assumptions for the
optical depth of the other atmospheric components with their corresponding uncertainty influence the
results. Hence, the uncertainty of the total optical depth is slightly lower than that of the aerosol
optical depth. Based on this and the found variation of the calibration constant for the used sun
photometer (0.6 %) the accuracy for the factor in the reference irradiances is assumed to be
∆DNIaero = 1.2 %. (3.24)
In addition to the described potential sources of systematically wrong calibrations, also the observed
scatter of the calibration constants is included in the uncertainty estimation. The COV for the used
calibration periods are between 0.003 and 0.01. Visidyne states different uncertainty levels depending
on the optical depth. For optical depths above 0.5, the COVs are in average by a factor 1.3 above the
COVs of the complete dataset. Thus, an additional uncertainty of
∆DNICOV = 1.5 % (3.25)
is assumed.
Furthermore, imperfect temperature and linearity corrections of the SAM increase the uncertainty
of the disk irradiance if the calibration does not equally cover all conditions that are present during
the measurement time. Thus, an additional uncertainty of
∆DNITLC = 1 % (3.26)
is added.
Finally the uncertainty of the SAM’s disk irradiance measurement after the post-calibration is
calculated as
∆DNI(λSAM,αdisk) (3.27)
=(∆DNI2ext + ∆DNI
2
filt + ∆DNI
2
specor
+ ∆DNI2aero + ∆DNI
2
COV + ∆DNI
2
TLC)
0.5
=
√
0.52 + 0.52 + 12 + 1.22 + 1.52 + 12 %
=2.5 %.
This uncertainty estimation corresponds in an acceptable way to Visidyne’s product specifications for
the SAM 400 series (Villanucci [2010]15). According to these specifications, the uncertainty for the
disk irradiance is below 2 % for τtot,s < 0.6 and 3 % for 0.6 < τtot,s < 1.5. The radiometric uncertainty
increases with camera exposure time and thus with the slant total optical depth τtot,s. For even greater
optical depths, Visidyne states an uncertainty of 10 %. However, the latter case is not relevant because
of the corresponding low DNIs. Thus, no further evaluation of optical depth above 1.5 is carried out.
Visidyne’s uncertainties for the disk irradiance were derived from the uncertainty for the total optical
depth and are hence only valid if the correct extraterrestrial spectrum is used. The stated uncertainty
estimation is only valid for frequent recalibration with the post calibration algorithm due to the sensor
drift.
3.4.6 Calibration for the 870 nm filters of PSA’s SAM unit and calibration
for Masdar’s SAM
The same calibration procedure that was used for PSA’s SAM 401 instrument was also carried out
for Masdar Institute’s SAM 402. Higher COVs are found for the calibration of the SAM 402’s disk
15For the SAM 200 and 300 series, Visidyne stated an absolute radiometric accuracy of 3% for disk camera and 15%
for the aureole camera (DeVore et al. [2009]). These uncertainties do not hold for the SAM 400 series and the described
post-calibration. Also, these uncertainties were basically derived for higher optical depths than relevant for this study.
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camera compared to the SAM 401. The results are presented in the appendix in Tab. C.1. One of the
reasons for these higher deviations is the high temperature, especially in summer. Furthermore, it was
found that the deviations were smaller after the first entrance window was exchanged. Apparently,
the window surface was damaged. Also, the cleaning procedures might have changed. Hence, the
uncertainty for the disk irradiance is different from that for the SAM 401. The uncertainty for the
SAM 402’s disk irradiance before the window exchange is 4.5 % instead of 2.5 % for DLR’s SAM 401.
After the exchange, an uncertainty for the disk irradiance measurement of 2.9 % is derived.
The aureole calibration results for the SAM 402 in Masdar before the window exchange and the
calibration period from June 2012 to November 23, 2012 are shown in Tab. C.2. The RMSDrel of
ρaur,Aero/SAM (λSAM , t) in the lowest CSR bin is smaller than for the SAM 401, but higher RMSDrel
are found for the other CSR bins. For the calibration period from November 23, 2012 to April 27, 2013
the found RMSDrel are close to the results from PSA (see Tab. C.3).
The above described calibration procedures were also applied to approximately four months of
measurements of PSA’s SAM 401 with 870 nm filters instead of the standard 670 nm filters. For the
aureole, the COV and the RMSDrel for this calibration are very similar to the results for the SAM
401 and 670 nm and can be found in Tab. C.4. The results for the disk calibration, ρdisk,Aero/SAM ,
in each of the four test months from July to October 2011 vary by less than 0.004 so that the average
calibration factor from the four months is used for the complete time. The disk calibration constant
for the 870 nm filter is 1.4922 (COV = 0.004) and that for the aureole camera is 0.7743. The high
deviation of the disk calibration constant from 1 can be explained by an error that was found in the
disk calibration provided by the manufacturer (the numerical value for the extraterrestrial irradiance
was inserted as the extraterrestrial radiance; Villanucci and LePage [2012]). This error in the first
calibration step is eliminated by the post-calibration and has no effect on the final results or the
accuracy with the 870 nm filter. The radiometric accuracy for SAM 401’s 870 nm filters is similar to
that found for the 670 nm filters.
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Figure 3.8: Deviation of CSR calculated for LBL measurements from all sites after artificially deleting
the radiance between 0.26° and 0.52°, interpolating and integrating.
3.5 Uncertainty analysis of the SFERA sunshape measure-
ment system
In the following, a detailed uncertainty analysis of the SFERA sunshape measurement system is pre-
sented. This section is structured according to the main sources of uncertainty: the gap-fitting algo-
rithm, the calibration of the two cameras used in SAM and the spectral correction. The uncertainty
analysis is carried out for the CSR, as it is a commonly used parameter for the description of circumsolar
radiation.
3.5.1 Uncertainties caused by the radiance gap
The gap in the SAM’s aureole radiance measurement is one source of uncertainty for the presented
SFERA system. The gap-fitting algorithm from section 3.3.1 was tested with the LBL data in order
to obtain a detailed description of the associated uncertainty.
Gaps were artificially created in the LBL scans, then the radiance was interpolated and the fitted
CSR (CSRGapFit) was calculated. Measurements with DNI less than 200 W/m² or with flags marked
3, 4 or 19 were excluded (3 = aperture in wrong position, 4 = rain flap closed, 19 = sun not centered
in scan). Situations with spatially inhomogeneous layers of scatterers and non-monotonic radiance
profiles are included in the analysis, which therefore encompasses the most difficult cases. The dif-
ference between CSRorig calculated from the original scan and CSRGapFit is plotted versus CSRorig
in Fig. 3.8. For both CSRs, we use αout = 3.2° as no information for greater angles is available. As
suggested by Grether et al. [1976], the disk angle used for the calculation of the CSR is the current
disk angle plus 0.013¯° to avoid the influence of the telescope’s FOV. The differences are divided into
bins of width 0.025, and the 1 σ standard deviation of the differences in each bin is calculated. The
average of the differences in each bin is close to zero. Based on the standard deviations (error bars in
Fig. 3.8), the uncertainty in broadband CSR (CSRBB) caused only by the gap is described as
∆CSRgap,BB =
{
0.057 · CSRBB + 0.002; CSRBB ≤ 0.157
−0.009 · CSRBB + 0.012; CSRBB > 0.157
. (3.28)
3.5.2 Uncertainties caused by radiometric inaccuracies
The use of two cameras creating non-overlapping datasets for the disk and the aureole region implies
an uncertainty in the spectral CSR if the absolute radiometric calibration of the CMOS cameras is
not correct. For the specific CSR applications envisioned here, the main potential problem is that
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systematically wrong calibration factors of the aureole camera and/or of the sun-disk camera can
artificially decrease or increase the difference of radiance between the two parts of each profile. Also
scattered radiation inside the optical system of the aureole imager can cause systematically too high
aureole radiances and thus too high CSRs. This systematic effect of internal scattering is corrected
in software following Eq. 3.1, so that also too low aureole radiances are possible depending on this
scattering correction.
The uncertainty of the scattering correction can be estimated as follows for overestimation or
underestimation of the scattered radiance that is corrected in software.
Overestimation of the scattered radiance (too high correction, too low resulting radiance and too
low resulting CSR): Various months of measurements with the SFERA system have been pro-
cessed with and without the scattering correction. The found absolute differences between the
two CSR(7◦) are always less than 0.01 and the average is below 0.005. The uncertainty for
overestimation is estimated as 0.005.
Underestimation of the scattered radiance (too low correction, too high resulting radiance and too
high resulting CSR): The CSR after the scattering correction is the upper limit for this underesti-
mation, as the true CSR can’t be negative. Hence, the underestimation of the correction must be
small if the corrected CSR is small. The following two thoughts proof that the underestimation
falls with the CSR. This limits the underestimation to small errors that can be derived from the
smallest measured CSRs.
1. The ideal scattering correction for the circumsolar radiance can be expressed as a radiance vector
and must be proportional to the mean radiance value of the solar disk. This means that the
correction in terms of irradiance is also proportional to the disk irradiance. Because of this
proportionality and the relation between CSR and disk irradiance, the absolute difference between
the uncorrected CSR and the CSR after the scattering correction decreases with increasing CSR.
This means that for higher CSR, the correct absolute correction of the CSR is always smaller
than for the lowest CSR observed before the scattering correction.
2. The error of the scattering correction for the CSNI is also proportional to its correction. Thus, the
highest errors due to an underestimation of the scattered radiance occur for the lowest observed
uncorrected CSR. The minimum uncorrected CSR(7◦) observed with the SAM 401 are below
0.005. Assuming that the true CSR is 0 for these measurements, the underestimation must be
less than 0.005 for these measurements. Due to the stated proportionalities, this limit also holds
for all other cases.
Taking into account possible overestimation and underestimation, an uncertainty for the CSR of
∆CSRscatt,BB = 0.005 is assumed caused by the scattering.
Radiometric uncertainties without scattering and overall radiometric uncertainty
The radiometric uncertainty of the CSR is linked to the uncertainties of the circumsolar and the disk
irradiance after the SAM’s post-calibration. The uncertainty of the spectral disk irradiance was deter-
mined to 2.5 % in section 3.4.4. The uncertainty of the circumsolar irradiance ∆relCSNIλ(αdisk, 7
◦)
has been presented in Tab. 3.1 in the framework of the aureole post-calibration. The relative un-
certainty ∆relCSNIλ(αdisk, 7
◦) decreases with the CSR. For CSR ≤ 0.01 an absolute uncertainty of
0.3 · CSNIλ(αdisk, αout) was found and 0.16 · CSNIλ(αdisk, αout) was found for CSR ≥ 0.15.
With these underlying uncertainties for the disk irradiance and the aureole irradiance, the uncer-
tainty for the corresponding CSR is obtained from Gaussian propagation of errors for CSRs from 0
to 0.45 in steps of 0.005. To avoid steps in the description of the uncertainty caused by the CSR
intervals used for the experimental analysis of ∆relCSNIλ(αdisk, 7
◦), a polynomial of degree 2 is used
to describe these resulting uncertainties. This results in the polynomial
∆CSRpol,rad,BB = −0.153 · CSR2BB + 0.151 · CSRBB + 0.002 (3.29)
(coefficient of determination 0.993). Although the uncertainties of the disk irradiance and the aureole
irradiance were derived based on spectral irradiances, the polynomial is calculated using the broadband
CSR. The uncertainties due to the spectral correction for the calculation of the broadband sunshape
from the spectral measurement are discussed in the following section.
Finally, the uncertainty caused by radiometric inaccuracies including scattering is described as
∆CSRrad,BB = max(∆CSRscatt,BB ,∆CSRpol,rad,BB). (3.30)
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Equation 3.30 contains a minimum uncertainty of ∆CSRscatt,BB = 0.005 that describes the uncertainty
caused by scattering in the instrument’s optics.
3.5.3 Uncertainties caused by spectral corrections
In the example from Fig. 3.5 in section 3.3.2, the spectral corrections showed satisfactory accuracy.
To assess the general accuracy of the correction method, a small number of measurement examples is
not sufficient. Thus, more atmospheric conditions have been investigated. Results from the spectral
scaling algorithm were compared against spectral sunshapes predicted by the three dimensional Monte
Carlo MYSTIC radiative transfer model (Mayer [2009]) that is part of the libRadtran package (Mayer
and Kylling [2005]). More than 2500 atmospheric conditions are considered16. In a separate study, the
effect of the effective radius of the cloud particles and their habit was investigated (Reinhardt et al.
[2013])17. These conditions are obtained by combining
• aerosol optical depths (0, 0.1, 0.2, 0.3, 0.5, 0.8) with water optical depths (0, 0.1, 0.3, 0.5, 1.3,
1.5) or ice cloud optical depths (0, 0.1, 0.3, 0.5, 1),
• three cloud particle shapes (spherical water droplets or ice crystals (solid column or plate)),
• eight effective radii (1, 2, 5, 10, 25 µm for water droplets; 5, 25, 80 µm for ice crystals),
• three solar zenith angles (0°, 30° and 60°),
• as well as four different types of aerosols (desert, continental average, maritime polluted, maritime
clean).
According to Reinhardt [2011], the MYSTIC calculations are based on the following properties of the
atmospheric constituents. The aerosol optical properties used by Reinhardt in libRadtran are based
on the OPAC dataset (Hess et al. [1998], Emde et al. [2010]), which provides microphysical and optical
properties of various aerosol types and mixtures. The bulk of the optical properties of the ice clouds
have been generated by Hong Gang and Claudia Emde (Emde [2012]), using single-scattering properties
derived from the models by Yang et al. (Yang et al. [2000, 2005]). The water cloud properties applied
by Reinhardt in MYSTIC were determined from Mie calculations. He used atmospheric profiles from
the U.S. standard atmosphere 1976 (Anderson et al. [1986]) and gas absorption from the LOWTRAN
parameterizations (Kneizys et al. [1983]).
The spectral sunshapes from MYSTIC were calculated for eight wavelengths: 300, 400, 500, 670,
870, 1000, 1700, and 2450 nm. The corresponding spectral CSRs are calculated and then interpolated
(in steps of 5 nm) and spectrally weighted to obtain the broadband circumsolar ratio, CSRref . This
dataset is used as the reference for the analysis described in the following.
The test dataset is produced similar to the spectral sunshapes from the SFERA system. For each
combination of optical depths, the sunshape at 670 nm from MYSTIC is processed with the scaling
algorithm described in section 3.3.2. The thus obtained spectral sunshapes, the spectral CSR and the
broadband circumsolar ratio derived using the spectral scaling algorithm CSRalg are then compared
to the corresponding parameters from the reference dataset.
An example for this comparison is shown in Fig. 3.9. The spectral CSRs for the test datasets
are plotted as continuous thin lines with thin markers vs. the wavelength18. Six combinations of ice
cloud and aerosol optical depth at 550 nm are shown using the markers on the right. The assumed ice
cloud particles have a effective radius of 20 µm, and have a solid columnar shape. The solar zenith
angle is set to 0° and a “continental average” aerosol type is selected from the OPAC dataset. The
thick markers and lines are the reference values and correspond to the spectral CSR calculated directly
from spectral sunshapes simulated with MYSTIC. The broadband CSR for each of the six assumed
combinations is also plotted on the left side of the graph (same markers as for spectral CSR).
In this example, the spectral CSR decreases with wavelength for cloudless situations. Under clouds
on the other hand, the spectral CSR increases with wavelength if τcloud is greater than τaero (for
16The calculations with MYSTIC were performed and provided by Bernhard Reinhardt, DLR, Institute of Atmospheric
Physics (Reinhardt [2011]).
17In Reinhardt et al. [2013], MYSTIC calculations were analyzed for five different particle habits (solid columns, hollow
columns, hexagonal rosettes, rough aggregates, droxtal), two mixtures of habits (Baum 2.0 and Baum 3.5) and different
effective particle sizes. It was found that the effective radius and shape of the cloud particles have a strong influence on
the CSR (both on the broadband CSR and the spectral dependence). To include this variation at least partially in the
uncertainty analysis presented here, a range of particle sizes and three particle shapes were selected for the used dataset.
18Here, the inner and outer boundary angles are not stated as arguments of the CSR, as before for the explication of
the spectral scaling. Only the wavelength is given. For the uncertainty analysis of the spectral scaling presented in this
section (3.5.3), the disk angle is 0.2665° and the outer boundary angle is 5°.
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wavelengths below 1 µm). In both cases the deviation of the scaled spectral CSRs from the reference
is low in comparison to the overall variation of the spectral CSR.
Discussion of the performance of the scaling algorithm
For a quantitative description of the performance of the algorithm only the broadband CSR is inves-
tigated. In Fig. 3.10 the difference CSRalg − CSRref between the test and the reference broadband
CSR is plotted against CSRalg. Except of a few outliers the deviations are always below ten percent
of CSRalg.
As the CSR increases strictly with the airmass for otherwise unchanged atmospheric conditions,
the point clouds for the solar zenith angles 30° and 60° are similar to an enlarged version of the case
for 0° zenith angle. The more detailed qualitative discussion which can be found below is therefore
based on only one solar zenith angle (60°).
Except for only one data point, all outliers (defined as differences larger than 10 % of CSRalg)
correspond to a solar zenith angle of 60° and water cloud optical depths of 1.3 and 1.5 with effective
radii of 1 and 2 µm. These cases result in an experimental DNI below 190 W/m², CSRs between 0.4
and 0.8 and differences CSRalg − CSRref between 0.05 and 0.082. Because of these low DNI, such
cases can be considered irrelevant for CSP. Moreover, such a particle size distribution is not common
in the real world. As stated in section 2.3.2, the radius of droplets is typically 5 µm and particle
sizes from 1 µm to 20 µm can be found in water clouds (Liou [2002]). Nevertheless, these outliers are
physically interesting because they show the limitations of the algorithm. The spectral reference CSR
for these cases has local maxima between 1000 and 2000 nm. For small particle sizes the extinction
efficiency varies strongly in the wavelength interval 280 – 2500 nm. This effect is not included in
the scaling algorithm. Therefore, the spectral dependence of CSR is not correctly reproduced by the
scaling algorithm for these exceptionally small droplet sizes.
In order to analyze the performance of the scaling algorithm for different atmospheric conditions, the
data for a zenith angle of 60° from Fig. 3.10 is plotted again in Fig. 3.11. As before, CSRalg−CSRref
is plotted versus CSRalg, but here different markers are used for different atmospheric conditions. The
names of the subsets and the system of the marker type are explained in the caption and in the table
next to the figure. Only CSRs below 0.45 are shown. As a consequence, all outliers are excluded,
although the four dashed lines that cross the x axis around CSRalg = 0.3 indicate their existence.
Figure 3.10: Deviation of the broadband CSR obtained with the scaling algorithm from the reference
plotted vs. the broadband CSR obtained using the scaling algorithm. Different markers refer to
different solar zenith angles.
In many cases with CSRs below 0.3 the algorithm overestimates the CSR leading to the unsymmet-
rical point cloud. For CSR above 0.3 this tendency changes and an underestimation is more frequent
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(see also Fig. 3.10). The overestimation for CSR < 0.3 is more pronounced for large effective particle
radii of 80 µm than in the cases with smaller particles (markers: two colored squares with crosses).
These higher differences can be explained as follows. For large effective particle radii of 80 µm the
dominance of diffraction is limited to the aureole directly next to the solar disk. Thus, the outer part
of the aureole is not scaled correctly by the algorithm.
For CSR > 0.3 an underestimation is found in many cases. This results from the use of the disk
radiance as an upper limit for the gap-fitting process. This is only relevant for relatively high aureole
radiances and thus CSR > 0.3.
Another reason for the fact that higher deviations can be found for large effective radii is that
these cases are often connected to high relative deviations of the spectral CSR at 670 nm from the
broadband CSR. This can be seen in Fig. 3.12 where the ratio of the broadband CSR to the spectral
CSR at 670 nm is plotted versus the broadband CSR. Both broadband CSRs used are those of the
reference data so that the result is not influenced by the scaling algorithm. The data shown belongs
again to the solar zenith angle of 60°. The different atmospheric conditions can be distinguished using
the same markers as in Fig. 3.11.
The aerosol type has an influence, because the sets of phase functions available in SMARTS are
different than those in OPAC. The phase functions obtained from OPAC or AERONET measurements
cannot be read in by SMARTS. Instead, a similar set of phase functions of the SMARTS code is selected
automatically in software. The criterion for the selection is the minimization of the root mean square
deviation of the broadband radiance profiles calculated using the SMARTS phase functions and the
OPAC phase functions. This selection from the limited set of possible phase functions is a complication
for the spectral scaling of CSR. For measurements with the SFERA system, the selection of the phase
function for SMARTS is based on the comparison of the available phase functions to AERONET phase
functions. In this uncertainty analysis, the OPAC phase functions are compared to the available phase
functions in SMARTS. Hence, the effect of this complication and the selection algorithm is included
in the uncertainty analysis.
Quantitative description of the uncertainty remaining after the spectral correction
Although a wide range of atmospheric conditions is covered with the investigated dataset, the remaining
uncertainty of the spectral scaling cannot be described as the statistical spread of the deviations shown
in Fig. 3.10. As these deviations depend systematically on cloud properties and other atmospheric
parameters, a weighting scheme might be desirable. This would require information on how often the
different atmospheric conditions occur. Due to the fact that this information is site specific, a different
approach will be used in order to obtain a site independent description of the uncertainty.
Also, the uncertainty of the used input parameters for SMARTS has to be included. Their uncer-
tainty is not only dependent on the AERONET inversion algorithm and the instrumentation, but also
connected to the interpolations between the available data points of the AERONET data for the time
of a sunshape measurement. These uncertainties are particularly relevant in cloudless situations with
high aerosol load.
In order to assess the influence of wrong input parameters on the CSR, SMARTS was intentionally
used with phase functions that are inappropriate with respect to the reference from OPAC. Such
calculations were performed for cloudless conditions and τaero of 0, 0.1, 0.2, 0.3, 0.5 and 0.8.
In a first mismatch test, the available“maritime”and“desert”aerosol types in the reference datasets
are intentionally described by the phase functions for the “rural Shettle and Fenn” aerosol model in
SMARTS. In a second mismatch test, the same calculation is repeated but this time using the phase
functions for the “urban Shettle & Fenn” aerosol model in SMARTS. Finally, the OPAC reference
data belonging to the “continental average” aerosol type was processed with the phase functions for
“SRA MARIT,” a maritime aerosol model based on IAMAP’s Standard Radiation Atmosphere (WMO
[1986]). In all cases, the A˚ngstro¨m exponents, single-scattering albedo, and asymmetry factor are
automatically set to the default values in SMARTS rather than to realistic values. This also means
they are not comparable to the reference data extracted from OPAC. Even in these cases of mismatch
the deviations between the calculated broadband CSR and the reference broadband CSR are below
0.1 · CSRBB .
Based on this result for clear sky conditions with inappropriate phase functions and standard
settings from SMARTS and the deviations shown in Fig. 3.10, the following relation is used to describe
the uncertainty caused only by the spectral effects after the application of the correction algorithm:
∆CSRspec,BB =
{
0.1 · CSRBB ; CSRBB ≤ 0.2
0.02; CSRBB > 0.2
. (3.31)
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Except of the few outliers discussed above all observed deviations are below this description.
The advantage and the importance of the spectral correction becomes clear by comparing
∆CSRspec,BB to the ratio of the broadband CSR to the spectral CSR at 670 nm which is plotted
in Fig. 3.12. Without the spectral correction deviations by factors between 0.85 and 1.5 have to be
expected for a CSR measurement at 670 nm. This agrees well with the scatter of the ratio found in
Evans et al. [1980], i.e., 0.8–1.4 for low CSRs (see Fig. 2.3).
Additional remarks on the uncertainty analysis for the spectral correction
The variation of the ratio CSRBB/CSR(670 nm) with the changes of the cloud particle properties
shows that the scaling cannot just use the CSR as input parameter. This could also be concluded
from the high spread of this ratio even for one CSR as presented in Evans et al. [1980] (Fig. 2.3). An
important property of the scaling algorithm for the case that clouds are present is that it is applied
directly on the radiance profile and not on CSR.
The uncertainty of the individual spectral CSR is not required and hence not discussed in detail
here. From the example shown in Fig. 3.9 and the analogous graphs for the other atmospheric
conditions it is expected that the deviations of the scaled spectral CSRs from the reference are low
compared to the overall spectral CSR variation.
For every scaled radiance profile, new interpolations or extrapolations of the aureole radiance are
necessary. In both cases, this is done using the same algorithm as described in section 3.3.1. The
uncertainties caused by these regressions are included in the estimation of the spectral error.
Comments on the spectral scaling for the 870 nm filter
When using other filters than the 670 nm filter the above uncertainty analysis has to be supplemented by
further comments. The spectral uncertainty is linked to the size of the data gap as the spectral scaling
of the profiles also involves the scaling of the angles. The size of the gap is larger for scaling results
with larger wavelengths than the measured wavelength. The gap gets smaller for smaller wavelengths.
The smallest angle with usable data from the aureole camera for the scaled aureoles can be calculated
using the relation for the angles from Eq. 3.3. Compared to the scaling with SAM’s original 670 nm
filters, the gap and thus the corresponding uncertainty is smaller when using the 870 nm filter. On
the other hand, the direct spectral irradiance from the wavelength interval around 670 nm (±100 nm)
is higher than for an interval with the same width around 870 nm (assuming standard atmospheres as
that used for ASTM [2006a] and airmasses below 10). This means that measurements at 670 nm are
more representative for the broadband irradiance than measurements at 870 nm. This increases the
necessary corrections and therefore the uncertainty of the 870 nm data compared to 670 nm.
Considering the two contrary effects for 870 nm filters, the resulting uncertainty caused by spectral
effects for 870 nm is estimated to be equal to that for 670 nm.
3.5.4 Other sources of uncertainty
In addition to the above mentioned sources of uncertainty further influences have to be taken into
account when moving clouds are present, as the dataset which was used for the estimation of the
radiometric accuracy of the SAM instrument was measured for stable conditions (see section 3.4).
As one measurement of the spectral radiance profile is based on various photos, an additional error
is caused by changes of the sky conditions during the image acquisition, which takes 5 seconds. For
small CSR, the atmospheric changes during the image acquisition can be neglected. If the solar disk
cannot be detected in the disk images, the tracking accuracy of the SAM is reduced and additional
uncertainties have to be included. Furthermore, also imperfections of the temperature correction
of the camera signal and the longest exposure times must be considered. This error basically only
affects high CSR, as the greatest exposure time is not used for disk images and high irradiances.
The corresponding error of the aureole camera affects the CSR much less than the error of the disk
irradiance. The additional uncertainty is described as:
∆CSRMISC,BB =
{
0; CSRBB ≤ 0.1
0.1 · CSRBB − 0.01; CSRBB > 0.1
. (3.32)
3.5.5 Overall uncertainty
The above-mentioned sources of uncertainty were combined to derive the overall uncertainty (1σ)
in broadband CSR measurement. The combined uncertainty is calculated for different CSRs using
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Gauss’s law for the propagation of errors as
∆CSRBB = (3.33)√
∆CSR2gap,BB + ∆CSR
2
rad,BB + ∆CSR
2
spec,BB + ∆CSR
2
MISC,BB .
The results for PSA’s SAM unit and the 670 nm filter19 can be seen in Fig. 3.13.
In particular due to the uncertainty caused by scattering in the instruments optics, an uncertainty
of about 0.005 is found for a CSR of 0. The uncertainty then rises approximately linearly to about
0.035 at a CSR of 0.2. Then the uncertainty rises with a lower slope to about 0.055 at a CSR of 0.4.
An analysis of the weighting of the different contributions to the overall uncertainty from Eq. 3.33
showed that the uncertainty caused by radiometric effects have the greatest influence.
For comparative purposes, the analog estimations for Neumann’s sunshape camera are plotted, too.
The corresponding uncertainties for the sunshape camera used by Neumann were stated in Neumann
et al. [1998] as
∆CSRBB,N =
{
0.0957 · CSRBB + 0.007; underestimation
0.0837 · CSRBB + 0.0234; overestimation
. (3.34)
These expressions do not include the spectral variations of CSR. As the CCD camera that was used
by Neumann et al. had an inhomogeneous spectral response, the uncertainties they quoted were likely
underestimated. Their instrument showed asymmetric uncertainties, since it favored the overestimation
of CSR. This system used only one camera, so that the radiance profiles did not have a data gap.
However, scattering effects in the lens caused artificially increased aureole radiances and thus some
overestimation of CSR in most cases. The measurement method and the scattering correction used in
the SFERA system avoid this systematic overestimation.
It can be said that the new SFERA system represents a noticeable improvement compared to
the former DLR sunshape camera, not only in terms of physical interpretation but also in terms of
uncertainty.
Figure 3.13: Overall uncertainty ∆CSRBB in broadband CSR for the new SFERA system and the
older DLR sunshape camera as a function of CSRBB .
19The results for the 870 nm and the SAM 401 unit at PSA are also described according to Fig. 3.13. The effect of
the different central wavelengths of the filters was discussed in section 3.4 on the post-calibration.
As stated in section 3.4, the radiometric uncertainty of the SAM 402 unit from Masdar Institute is higher than that
found for the PSA unit. The resulting uncertainties are approximately 0.01 higher than those of the SAM 401 at PSA
for CSR between 0.05 and 0.1 and approximately 0.015 to 0.02 higher for higher CSR.
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The uncertainty of the CSR measurements with the LBL instrument has not been reported so far.
The LBL circumsolar telescope excludes the problems of spectral effects. Besides this advantage, the
LBL system has some important restrictions compared to camera based instruments. Because of the
long time needed for one scan (one minute) the measurements are not self consistent in some cases. The
finite aperture size causes systematic errors for measurements close to the edge of the solar disk. This
is described in Buie et al. [2003b]. Another important influence on the accuracy of the measurements is
the fact that the circumsolar telescopes only scanned one line of the solar disk. This has two negative
effects. Small tracking errors result in systematically too high CSR if the scan does not pass the center
of the sun. The second disadvantage is that for heterogeneous layers of scatterers the scanned line can
deviate strongly from the average sunshapes measured with a system like Neumann’s sunshape camera
or the SFERA system. Hence, it is assumed that the SFERA CSR measurement is more accurate than
that from the LBL telescope. A more detailed system comparison for the radiance instead of CSR that
also includes the LBL circumsolar telescope is presented in section 3.6.4.
It should be mentioned that this uncertainty analysis holds for the cleaned and well tracked instru-
ments. The described scattering correction is not correct if dust is accumulated on the SAM’s entrance
window. An additional correction and the resulting uncertainties after this correction will be discussed
in the following section.
The uncertainty analysis was derived with different outer boundary angles for the circumsolar
region. The MYSTIC simulations were performed with an outer boundary angle of 5° while for the
LBL data used for the effect of the gap-fitting only information up to 3.2° was available. The outer
boundary angle for the radiometric uncertainty was 7°. This inconsistency has a negligible effect on the
uncertainty analysis as the uncertainty of the CSR increases with the CSR. If a greater outer boundary
angle is used both the CSR and the corresponding uncertainty are higher. Hence, the relation shown
in Fig. 3.13 is applied for all used boundary angles (in this work between 2.7° and 7°).
Uncertainty for of the circumsolar contribution
The SFERA system can also be used to determine the circumsolar contribution of the annular region
between αin and αout
∆relCS(αin, αout) =
CSNI(αin, αout)
DNI(αout)
. (3.35)
This value might correlate better with the intercept factor of a given collector system than the CSR, if
the collector intercepts nearly all radiation coming from angles smaller than αin. However, the SFERA
system is characterized first of all using the CSR, as this is the most common parameter in the field of
solar energy applications. With the same argument as stated above for the different outer boundary
angles αout between 2.7° and 7°, the overall uncertainty for ∆relCS(αin, αout) is described with the
same relation that was derived for the CSR (Fig. 3.13).
3.5.6 Sensor soiling
Cleaning of the entrance window of the SAM instrument is essential for the quality of the measurements.
Dust on the entrance window scatters and absorbs some radiation. The effect of soiling on the CSR
measurements was analyzed based on the experimental data. A model for the effect of the soiling and
its correction was formulated.
The effect of sensor cleaning on the CSR measurement was evaluated for the formulation of this
correction. An example for the CSR change caused by the cleaning can be seen in Fig. 3.14. The left
graph depicts the results for Friday, while the right graph shows the results on Monday. Both graphs
present the broadband CSR before (CSRBB,uncorr(7
◦)) and after (CSRBB(7◦)) the soiling correction.
Furthermore, also the 1σ uncertainty of CSRBB(7
◦) after the correction and the parameter ksoil of
the correction model are depicted. The system was cleaned every weekday and thus only a small
change of approximately 0.008 from CSRBB,uncorr(7
◦) to the clean CSRBB is seen on Friday. After
the weekend, the change is noticeably higher (0.015). The given changes of the CSR are used to derive
ksoil and thus the corrections for the CSR for all times between two cleaning events.
For the formulation of the soiling correction the following assumptions are made:
• Absorption due to soiling reduces both the disk and the aureole irradiance by the same factor.
• Scattering due to soiling reduces the disk irradiance DNI(αdisk) by ksoil · DNI(αdisk) and in-
creases the circumsolar normal irradiance, CSNI(αdisk, 7
◦), by the same value. Hereby, eventual
scattering of circumsolar radiation towards the disk is neglected.
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Under these assumptions the uncorrected CSRBB,uncorr can be written as
CSRBB,uncorr (3.36)
=
CSNI + ksoil ·DNI(αdisk)
DNI(αdisk)− ksoil ·DNI(αdisk) + CSNI + ksoil ·DNI(αdisk)
= CSRBB + ksoil · (1− CSRBB) .
This equation allows the determination of ksoil from a cleaning event for which the CSR change can be
seen if ksoil = 0 is assumed after the cleaning. The equation can also be solved for the soiling corrected
CSRBB . It is assumed that the factor ksoil increases linearly with the time from 0 after one cleaning
event till it reaches the value found for the next cleaning event. The derived values for ksoil are also
shown in Fig. 3.14. Two cleaning events can be found at the steps in the ksoil graphs. If clouds are
present during the cleaning, the CSR change cannot be read for this cleaning event. This can be seen
in the figure when comparing the CSR changes caused by cleaning to the CSR change caused by clouds
(e.g. on Friday 31/8/2012 in the morning, left graph). Then the change of ksoil per day is determined
from the last soiling event with readable ksoil. This soiling rate is assumed for the time since the last
cleaning event and thus ksoil is determined for the cleaning event for that ksoil could no be read.
The uncertainty is also increased corresponding to the found soiling. The uncertainty for the CSR
after the correction of soiling is calculated as
∆CSRBB,incl.soil =
√
∆CSR2BB + (ksoil ·∆ksoil · (1− CSRBB))2. (3.37)
The relative uncertainty ∆ksoil of ksoil is estimated to be 100 % if ksoil was read for the next cleaning
event. If ksoil was estimated based on the soiling rate from previous cleaning events 200 % relative
uncertainty are assumed.
Soiling can cause noticeable errors of the CSR measurement and daily cleaning of the SAM in-
strument is thus required. The errors caused by soiling are most important for low CSRs. Under
the assumptions stated above, the error caused by soiling falls with the CSR. The effect of soiling on
the radiance profile is not investigated in detail. In order to create a sunshape time series with self
consistent CSR and sunshape data, the relative aureole profiles are multiplied by
CSR
1− CSR ·
1− CSRBB,uncorr
CSRBB,uncorr
. (3.38)
The soiling correction is applied on CSRuncorr(αdisk, 7
◦) and the soiling corrected CSRs for other
outer limit angles are obtained from the soiling corrected radiance profiles.
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Figure 3.14: Two cleaning events on Friday 31/8/2012 and Monday 3/9/2012 for the PSA unit. The
cleaning causes steps of ksoil.
3.6 Results from the SFERA sunshape measurement system
In the following, the results of the measurements collected with the SFERA systems from PSA and
Masdar will be presented. Histograms of the CSR and average sunshapes will be discussed and the
results are compared to previous sunshape measurements. In order to avoid the influence of a potential
annual variation of the CSR, complete years should be studied for both sites. The SAM and the sun
photometer are automated and programmed for continuous operation. However, due to instrumental
errors and a non constant temporal resolution of the datasets, continuous sunshape time series are not
available directly from the measurements and have to be derived as explained in what follows.
3.6.1 Creation of continuous sunshape time series
For the sunshape data analysis it is crucial to treat the temporal resolution of the data, the distribution
of the data within the year and temporal gaps in the time series correctly. For example, a long data gap
during a period with high aerosol load could lead to a too low average CSR. Outages of the systems
did not occur statistically equally distributed with respect to the airmass neither and it is known
that the CSR depends on the airmass20. The identified data gaps often occurred in the morning and
in the evening before and after the routinuous control of the instrument. The SAM can only collect
measurements for solar elevation angles greater than 15° with the standard instrument control software.
An updated version that allows also measurements for elevation angles between 5° and 15° was provided
by Visidyne, but part of the data used here was collected with the standard software. Furthermore,
dew on the SAM’s rain sensor also caused data loss in some cases, because the SAM returns or stays
in the parking position if the rain sensor surface is wet.
Also, the time resolution of the SAM measurements was not always the same, and measurement
periods with high resolution would hence influence the statistical evaluation more than periods with
lower resolution if no further data treatment is applied. Additionally, if data is not distributed equally
throughout the year, a potential systematic variation of the sunshape within the year will distort the
frequency distribution.
In order to overcome these influences, the analysis of the results starts with the creation of one year
of continuous sunshape time series for both investigated sites.
20Hardware errors at PSA basically concerned the SAM instrument and included irreparable failures of the control
computer’s processor cooler, power supplies, the uninterruptible power supply, the router and the network switch.
Furthermore, errors occurred related to the tracker control and the analog digital converter for the rain sensor and the
uninterruptible power supply’s control.
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Equalization of the temporal resolution
The first step for the creation of a year of continuous sunshape data is the equalization of the time
resolution. SAM measurements at PSA from April 2011 to June 2011 were taken every 12 seconds,
afterwards the resolution was changed to about one measurement per minute. Masdar Institute’s SAM
unit took measurements every 18 seconds until 3/9/2012 and every minute afterwards. The target
time resolution is generally one minute. For Masdar only 10 minute DNI averages are available before
July 2012 (see appendix B). Hence, the target resolution is 10 minutes for April, May and June. The
reduction of the temporal resolution involves the averaging of the sunshapes with a weighting similar
to that from Rabl and Bendt [1982]. The average sunshape within the target time interval is calculated
using the spectral disk radiance in the center of the sun as the weighting factor for the relative radiance
profiles. Rabl and Bendt used the absolute broadband radiance which is not derived from the SFERA
system. For the averaging within one or 10 minutes the solar spectrum does not change strongly so
that the averaging methods are similar. The CSR for the obtained average sunshape is calculated from
integration.
Temporal gap-filling: introduction and discussion
The second step for the creation of continuous time series is temporal gap-filling for one selected year
for each of the two sites. For PSA, the time interval from 1/1/2012 to 30/12/2012 was selected (2012
was a leap year). The time series for Masdar starts on 29/4/2012 and ends on 27/4/2013. The annual
sums of the experimental DNI for these exemplary years are 1789 kWh/m² for Masdar Institute and
2315 kWh/m² for PSA. Due to the intense maintenance of the SAM instruments at PSA and in Masdar,
continuous sunshape data is available for many days of the selected years. However, the temporal gaps
are significant. For the selected year and PSA, sunshapes were measured in 68 % of the minutes
with DNI above zero. The fraction increases to 76 % if only minutes with DNIexp ≥ 200 W/m2
are considered. These fractions underline the need for a gap-filling method. Gap-filling is even more
important for Masdar, where a sunshape measurement is only available for 45 % of all minutes. At
Masdar, sunshapes were measured in 50 % of all minutes with DNIexp ≥ 200 W/m2.
In the light of these gap-filling rates, a discussion of the of the interpretation of the filled datasets
is appropriate. The objective of the the gap-filling is the creation of sunshape and CSR time series
that are adequate examples for two different climates. The gap-filling should reduce the effects of the
unequal distribution of data gaps with regard to the day of the year and the airmass. It is not the goal
to describe the selected years for PSA and Masdar perfectly. This is not required in the framework of
this thesis. At this point it is also not possible to derive a real site specific representative or typical
meteorological year including information on the sunshape. Interannual variability of circumsolar
radiation is not investigated neither as not enough data is available. Hence, only the term “exemplary
year” is used to describe the gap-filled time series. The analyses in this chapter are carried out with
raw and gap-filled sunshape time series and the effects of the gap-filling on the CSR histograms and
the average sunshapes are discussed later.
To reduce the effect of the unequal distribution of the gaps with the airmass and the day of the year,
the gap-filling method cannot be based on CSR histograms alone. The amount of scatterers between
the sun and the SAMs should be included somehow. As high DNI are usually connected to low CSRs,
it might seem tentative to use the correlations between the DNI and the CSR for the gap-filling.
Correlations between CSR and DNIexp alone were investigated by various authors: Grether et al.
[1977b], Watt [1980], Neumann and Von Der Au [1997] and Neumann et al. [1998, 2002]. Here, this
simple approach is not used due to some physical shortcomings. As stated in section 2.5.2, relating the
CSR to the DNI does not account for the influence of the airmass and the variation of the abundance
of absorbing, but not forward scattering atmospheric constituents.
Before the presentation of the selected gap-filling method, an example for the above mentioned
restrictions of a DNI based method is shown in Fig. 3.15. The CSR is plotted as a function of the
experimental DNI for PSA . The color indicates the absolute frequency of the occurrence of a given CSR
in a small DNI interval. The used bin sizes for CSR and DNI are given by the size of one pixel in the
plot. For high DNIs close to 1000 W/m² only small CSRs occur, while for lower DNIs CSRs between
0 and a DNI dependent maximum can be found. This maximum CSR is nearly a linear function of the
DNI. The high spread of the CSRs for DNIs around 800 W/m² shows that there is no simple functional
dependence between the CSR and the experimental DNI alone. These characteristics were also found
by other groups that compared DNI and CSR data (Grether et al. [1977b], Watt [1980], Neumann and
Von Der Au [1997] and Neumann et al. [1998, 2002]). Investigation of the correlation for several small
airmass intervals is one option to overcome the restriction of this simple approach. Here, a different
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Figure 3.15: CSR(7◦) from the SFERA system plotted versus the experimental DNI for all sky con-
ditions at PSA. All measurements from 15/6/2011 - 31/12/2012 were used. The color bar shows the
absolute frequency of the corresponding bin.
approach is followed that allows analyzing the complete data set for all airmasses together.
Description of the gap-filling method
Based on the above discussion of the relation between DNI and CSR it is concluded that relevant
parameters for the gap-filling should include the solar elevation angle and some information on the
absorption and the scattering properties of the atmosphere. Furthermore, the parameter must be easy
to determine using measurands that are available during the SAM’s outages. A parameter that fulfills
these criteria is the slant particle optical depth (sPOD). The sPOD includes both aerosol and cloud
particles. In order to fill the data gaps in the sunshape time series, CSR data are created using CSR
frequency distributions for defined small intervals of sPOD. The Buie sunshapes for the filled CSRs
are then used in the continuous time series.
The sPOD is determined for every CSR measurement from parameters that are usually measured for
solar resource assessment: experimental DNI, air pressure, relative humidity and temperature. First,
the temporal resolution of these four measurands is increased to that of the original CSR series using
linear interpolation between the available one minute averages (or 10 minute averages before July 2012
in Masdar). The Linke turbidity is calculated from the DNI following Appendix A from Ineichen and
Perez [2002]. Then the water vapor content of the atmospheric column is derived using the empirical
formula from Gueymard [1994] with the measured ambient temperature and the saturation water vapor
pressure. The saturation water vapor pressure is calculated following Gueymard [1993] from ambient
temperature and relative humidity. The Linke turbidity, the precipitable water and the air pressure
are then used to determine an approximation of the particle optical depth following the relation from
Ineichen [2008]. This relation was derived for the aerosol optical depth at 550 nm and also the Linke
turbidity is not defined for cloudy conditions. However, the mathematical formulations of Ineichen
and Perez [2002] and Ineichen [2008] can be used for cloudy conditions without any restriction and the
result can be interpreted as a measure for the particle optical depth.
The sPOD is compared to the CSR(7◦) from the SFERA system at PSA in Fig. 3.16. The absolute
number of occurrences of different combinations of sPOD and the CSR is calculated and shown as the
color. The tendency of high CSRs for high sPODs can be seen, although the scatter is quite high, so
that a functional fit does not seem appropriate. The same diagram for Masdar is presented in Fig.
3.17. Again, high CSRs are found for high sPODs. Here, the shape of the point cloud is different from
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Figure 3.16: CSR(7◦) from the SFERA system plotted versus sPOD for all sky conditions at PSA. All
measurements from 15/6/2011 - 31/12/2012 were used. The color bar shows the absolute frequency of
the corresponding bin.
Figure 3.17: CSR(7◦) from the SFERA system plotted versus sPOD for all sky conditions at Masdar.
All measurements from 17/5/2012 - 27/4/2013 were used. The color bar shows the absolute frequency
of the corresponding bin.
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that for PSA. This is interpreted as the effect of the different typical optical properties of the scatterers
for both sites. While at PSA ice clouds are often connected to high CSR, high CSRs frequently occur
at Masdar due to the aerosol load. Furthermore, aerosols particles that commonly occur at PSA might
be different from the particles found at Masdar. The same holds also for the cloud particles.
For the gap-filling, the probabilities of the CSR bins for a given sPOD are determined by dividing
the found absolute frequencies from figures 3.16 and 3.17 for one sPOD interval by the sum of all
occurrences in this sPOD interval. This division creates probability density functions of the CSR with
the integral one. Thus, one probability density function of the CSR is created for each sPOD bin.
These probability density functions are then applied for the gap-filling. The sPOD for each times-
tamp with missing sunshape is determined. Then the gap-filled CSR for the timestamp is selected
using a numerically generated random number and the probability density function.
If the required parameters for the calculation of the sPOD are not available, the auxiliary data
is derived with the gap-filling algorithm from Hoyer-Klick et al. [2009]. For PSA, this only involves
filling the data with measurements from PSA’s nearby KONTAS meteorological station. For Masdar,
no nearby station is available. Gaps that are shorter than three hours are interpolated linearly, longer
gaps of up to four days are taken from the next days or the days before the gap according to the method
from Hoyer-Klick et al. [2009]. All gaps were shorter than four days. The thus derived CSR(7◦) is
then connected to the Buie sunshape with the same CSR for 7° outer limit angle using a look-up table.
It should be mentioned that the gap-filling method can be used as a simple model for the creation
of sunshape time series and not only for gap-filling. Such an approach is not followed in this work.
Further reduction of temporal resolution
Finally, the sunshape datasets for one year are reduced to 10 minutes temporal resolution. This makes
use of the same averaging method as the creation of the one minute averages for such 10 minute
intervals that consist only of measured data. If the interval also contains filled sunshape data, the
central spectral radiance is not available and the disk DNI is used as the weighting factor for a given
sunshape. The disk DNI is determined from the experimental DNI and the experimental CSR, CSRexp
as
DNI(αdisk) = DNIexp · (1− CSRexp). (3.39)
The experimental CSR is defined similar to the CSR, but with the experimental circumsolar normal
irradiance CSNIexp and DNIexp as
CSRexp = CSNIexp/DNIexp. (3.40)
The experimental circumsolar normal irradiance CSNIexp is defined as the circumsolar irradiance
that is accepted by a specific pyrheliometer. It can be calculated for symmetrical sunshapes using the
penumbra function Pacc of the pyrheliometer:
CSNIexp = 2pi ·
ˆ αlim
α=αdisk
Pacc(α)LBB(α) cos(α) sin(α)dα. (3.41)
The reduction to 10 minute resolution is necessary for the statistical analysis for Masdar because of the
lack of one minute DNI data. It is also required for the following analysis of the effect of circumsolar
radiation on CSP which involves time consuming raytracing calculations.
3.6.2 CSR histograms
Figure 3.18 shows histograms of the CSR for PSA for the original CSR time series and for the continuous
sunshape time series in one minute resolution. Only the data points with an experimental DNI above
200 W/m² were used. As the frequencies for the bin with the smallest CSR is much higher than all
other frequencies, the first bars are not shown completely. In both histograms the frequencies fall
continuously with the CSR. Only small deviations between the two histograms can be found due to
the gap-filling, the change of the time resolution and the restriction to 2012.
Figure 3.19 shows histograms of the CSR from Masdar for the original and the continuous dataset.
Here, the continuous sunshape time series with ten minute resolution was used in order to avoid an
influence of the change of the temporal resolution in July 2012. The general shape of the histograms
from Masdar differs noticeably from that found for PSA. The most frequent CSR in the gap-filled series
is between 0.05 and 0.075 and not close to zero as for PSA. This can be explained by the higher aerosol
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Figure 3.18: Relative frequency distribution of the CSR(7◦) for PSA and DNIexp ≥ 200 W/m2.
The dataset “PSA, unfilled” refers to all measurements from 1/4/2011 - 31/12/2012 (approx. 330000
measured sunshapes). The set “PSA, filled” belongs to approx. 190000 sunshapes of the exemplary
continuous one minute sunshape time series for 2012 (24 % of the CSRs are filled with the algorithm
described above). The bars for the first bin are not shown completely.
Figure 3.19: Relative frequency distribution of the CSR(7◦) for Masdar and DNIexp ≥ 200 W/m2.
The dataset“Masdar, unfilled”refers to all measurements from 17/5/2012 - 27/4/2013 (approx. 130000
measured sunshapes). The set “Masdar, filled” belongs to approx. 19000 sunshapes of the exemplary
continuous 10 minutes sunshape time series for 29/4/2012 - 27/4/2013 (50 % of the CSRs are filled
with the algorithm described above).
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Figure 3.20: Comparison of the CSR histograms from the SFERA systems in Masdar and PSA to a
histogram derived from the DLR sunshape camera for DNIexp ≥ 200 W/m2. The histogram shown
as “DLR, Neumann” belongs to the dataset described in Neumann et al. [2002] (2300 sunshapes from
Cologne, PSA and Odeillo). The sets“PSA, filled”and“Masdar, filled”are also presented in figures 3.18
and 3.19. For Masdar and PSA CSR(7◦) is shown, while CSR(2.5◦) is depicted for “DLR, Neumann”.
The frequencies for the first bin are not shown for two of the three datasets.
load in Masdar21. Also, a bigger deviation is caused by the gap-filling and the other preparative steps.
This is due to the fact that less data was available for Masdar (only 220 days with measurements).
For comparative proposes, the histogram for all CSR measurements obtained with the previous
DLR sunshape camera is shown in Fig. 3.20 next to the histograms for the filled datasets from
figures 3.18 and 3.19. The same CSR dataset as used in Neumann et al. [2002] was filtered for
DNIexp ≥ 200 W/m2 and plotted with the same CSR bin sizes as the SFERA results. The dataset
includes 2300 measurements from Odeillo, PSA and Cologne (next to DLR’s solar furnace). Also the
histogram for the DLR sunshape camera deviates strongly from the histogram for Masdar. The shape
of the histogram “DLR, Neumann” is similar to the SFERA results from PSA, although low CSR are
more frequent. These higher frequencies of smaller CSR are partially caused by the different outer
limit angle used for the calculation of the CSR (2.5° instead of 7°)22. However, deviations also have
to be expected due to the relatively small number of measurements, the lack of a temporal gap-filling
procedure and the mixing of the measurements from three sites in Neumann’s dataset.
3.6.3 Average sunshapes from the SFERA systems
Average sunshapes were derived for PSA and Masdar. Three alternative average sunshapes for PSA
are shown in Fig. 3.21 next to the SSS and three sunshapes from Neumann’s sunshape data. The
average sunshape named “avg. sunshape, filled” is derived from the above created year of continuous
sunshapes in one minute resolution. The averaging method used for the creation of the 10 minute
average sunshapes with the disk DNI (Eq. 3.39) as weighting factor was applied.
Two alternative methods for the calculation of average sunshapes were also used and the results
are presented in order to illustrate the importance of correct averaging. In all cases, sunshapes with
DNI < 10 W/m² are excluded from the averaging as these sunshapes are irrelevant for the plant
operation.
The sunshape called“avg. sunshape, unfilled”was derived using all original sunshape measurements
before the temporal gap-filling and the disk DNI from Eq. 3.39 as weighting factor. An unweighted
21The average aerosol optical depths for the exemplary years are τaero(675 nm) = 0.12 for PSA and τaero(675 nm) =
0.36 for Masdar.
22Although the sunshapes from Neumann’s system only reach out to 30 mrad (≈ 1.72°), the CSR was calculated with
sunshapes that were extrapolated to 2.5° (Neumann and Von Der Au [1997]).
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average calculated from the continuous one minute time series is shown as“avg. sunshape (unweighted),
filled”. The CSR for the outer boundary angle of the LBL data and the average solar disk angle α¯disk
of the occurred disk angles, CSR(α¯disk, 3.2
◦) is shown in the legend of the graph. The graph also
includes the average solar disk angle, its extrema and these extrema increased or decreased by the field
of view of the LBL instrument, FOVLBL. These angles will be used in the comparison of the average
sunshapes that follows in the next section.
The gap-filling increases the CSR of the average sunshape from 0.037 to 0.046. The fact that
outages mostly occur in the morning and in the evening after and before the last instrument inspection
explains the small increase of the CSR due to the gap-filling. We see that the unweighted average
has a much higher CSR than the weighted averages (CSR(α¯disk, 3.2
◦) = 0.151). Such high CSR are
usually only measured on very hazy days or during cloud passages. The high deviation from the
weighted average shows that this sunshape is not representative for typical CSP plant operation. The
unweighted average sunshapes of continuous sunshape time series should not be used for CSP yield
analysis.
Since the weighting has a huge effect on the average, the unweighted average DLRMean was in-
vestigated in more detail. As already discussed in section 2.5.1, DLRMean has a noticeably higher
CSR than the SSS. However, its CSR after power-law extrapolation to 3.2° is only 0.079 and hence
much lower than 0.151, as calculated from the unweighted SFERA data. After reproducing Neumann’s
DLRMean sunshape based on data presented in Neumann et al. [2002], a frequency and DNI weighted
average sunshape was derived with the same data. A weighting factor wDNI is calculated for each of
Neumann’s six sunshapes “DLR0” to “DLR40” as
wDNI = DNI(αdisk) · nCSR ≈ DNIexp(1− CSR) · nCSR (3.42)
with the average experimental DNI for the corresponding CSR and the frequencies nCSR for the six CSR
bins23. The calculated DNI and frequency weighted average of these profiles is shown as “DLR, 2002,
DNI weighted avg.” and much closer to the disk DNI weighted average from the SFERA system than
DLRMean. Its CSR(0.2665◦, 3.2◦) is 0.051 instead of 0.079 for DLRMean. The unweighted average
DLRMean was not completely unrealistic because Neumann’s dataset included mostly clear skies24.
The weighted average derived for the SFERA data is quite close to the weighted averages SSS and
“DLR, 2002, DNI weighted avg.”. It is interesting to note that the SFERA average radiance profiles
deviate from a simple power-law behavior. They get flatter with increasing angular distance from the
sun. This is also found for the SSS and the MYSTIC results used in section 3.5.3.
Before we come to a more detailed comparison of the average sunshapes, the results from Masdar
are presented. The same standard sunshapes as before and the three calculated average sunshapes
from the Masdar data are shown in Fig. 3.22. As for PSA, a noticeable difference is found between
the weighted and the unweighted sunshape. Here, also a noticeable deviation is found between the
gap-filled and the unfilled average. This can be explained by the fact that the Masdar system was used
only for elevation angles above 15° for a significant part of the measurement series. Furthermore, the
summer months from 2012 were nearly completely missed due to hardware problems of Masdar’s SAM
unit. The instrument was only operative on 17 days in June, July and August 2012.
The aureole of the “filled” average is much steeper than the “unfilled” average. This is caused by the
quite steep aureole of the Buie sunshapes that will be discussed in the following section. The aureole’s
slope for PSA changes only slightly due to the temporal gap-filling. The slope of the “unfilled” SFERA
average sunshape for PSA is very close to that for the SSS, and the “filled” average after utilization of
the Buie sunshapes is slightly steeper.
We see that the weighted average sunshape for the continuous time series has a noticeably higher
CSR (CSR(α¯disk, 3.2
◦) = 0.091) than the weighted average sunshape from PSA, the SSS and even
DLRMean. This shows that the average of the sunshape is highly site dependent.
3.6.4 Comparison of SFERA sunshapes to other sunshape measurements
In the following, the sunshapes obtained with the SFERA instruments are compared to the results
from the LBL circumsolar telescope and the DLR sunshape camera in more detail. The comparison is
divided in a section for the disk and the aureole.
23The average experimental DNIs can be found in Neumann et al. [2002] in table 1 and the frequencies can be found
in the text in a list next to table 3. For the only frequency weighted average DLRMean, the same frequencies and six
profiles were used.
24The average DNI for the 2300 CSR measurements was 721 W/m². For comparison, at PSA the average DNI was
731 W/m² for positive solar elevation angles on 24/9/2013, a clear sky day with low τaero (average 0.1 for 500 nm).
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Comparison of disk sunshapes
The disk sunshapes are compared based on the average sunshapes shown in figures 3.21 and 3.22. We
start with the comparison of the SFERA disk sunshapes to DLRMean. The sunshape DLRMean is
above all six SFERA sunshapes in the complete disk. This can be explained by the spectral response
of the Neumann system. The spectral response of the DLR camera system as presented in Kaluza
and Neumann [1998]25 peaked between 800 and 1000 nm. The relative radiances of extraterrestrial
sunshapes close to the disk angle are higher for longer wavelengths (see Fig. 2.2). Buie et al. [2003b]
state that the spectral response of the Neumann system might therefore cause an overestimation of the
relative radiance close to the edge of the solar disk. The Neumann disk sunshape is actually close to
the extraterrestrial disk sunshape for 870 nm, as shown in Fig. 2.2. Hence, Buie’s argument seems to
be correct and it is assumed that the DLR sunshape camera overestimated the relative disk radiance
close to the solar disk angle.
The SSS is quite close to the six SFERA averages. The six sunshapes coincident within a relative
radiance interval of approximately 0.05 within the innermost 0.24°. The unfilled average relative
radiances from PSA for 0.239° are 0.05 lower than the SSS. Both filled sunshapes from PSA are 0.05
higher than the SSS independent of the used weighting. The unfilled average disk sunshape from
Masdar’s SFERA system agrees well with the SSS. The filled average disk sunshapes for Masdar are
above the SSS (for 0.239° by 0.15). Part of the deviation between the two SFERA systems might be
caused by the average effect of the spectral correction, which is site specific. However, the complete
spectral correction of the disk radiance is usually lower than the found deviation and hence another
influence seems to be of importance. The alignment of the disk camera relative to the entrance window
might be the reason for the found deviation between the two SFERA systems.
The difference between the “filled” and the “unfilled” SFERA disk sunshapes are caused by the use
of the Buie sunshapes for the gap-filling. The disk sunshape for the Buie profiles is described by a CSR
independent formula (see Eq. 2.19) that was derived as a fit to the “DLR5” profile. Within the solar
disk, the “DLR5” profile is nearly identical to DLRMean that was shown next the SFERA average
sunshapes in Fig. 2.1.
In the region between 0.25° and the disk angle the SFERA data is above the SSS. This can be
explained by the finite aperture of the LBL instrument. As the FOV of the LBL telescope used for this
region of the sunshape was 0.0125° (half angle, also shown in figures 3.21 and 3.22) the measurements
belonging to 0.2625° usually contain radiation coming from both the disk and the circumsolar region.
This holds for all disk angles occurring throughout the year (0.262° - 0.2711°). Due to the strong
change of radiance close to the edge of the solar disk, the radiance given in the LBL reduced database
for the angle 0.2625° is too low.
The SSS’s radiance for 0.2375° should not be affected by the effect of the telescope’s FOV. However,
tracking errors will lead to too low relative radiances for this angle in most cases. The tracking errors
of the telescope are specified as 0.0083¯° (Grether et al. [1975]). For such small tracking errors the
radiance measurement that is interpreted as the radiance at the center of the sun is always close to the
true central radiance, but the disk radiance close to the solar disk angle will be underestimated. This
holds for the following types of tracking errors for radially symmetric and monotonically decreasing
disk sunshapes:
1. Random tracking errors that occur for every single radiance measurement of a radiance scan: A
Gaussian probability distribution for the tracking error causes systematically too low radiances
as the disk radiance is a concave function of the angular distance from the center of the sun.
2. The same tracking error for all measurements while the scan passes the center of the solar disk:
As the relative disk radiance is concave, the average of the LBL radiance measurements from the
“left” and the “right” side of the scan is smaller then the true radiance at the average of both
angular distances from the center of the sun26.
3. The same tracking error for all measurements while the scan does not pass the center of the solar
disk: The angular width along a non-centered line is smaller than the solar diameter and thus
an aureole measurement will be interpreted as disk radiance. Such an error is not detectable by
asymmetry.
25It is possible that not all measurements used for DLRMean have been taken with the same system as the one
described in Kaluza and Neumann [1998], as the Neumann system was continuously improved. However, it can be
assumed that the spectral response of the Neumann system was always similar to that of the system described there.
26The symmetry of the scans was used for the creation of the flag contained in the LBL data and not considered for
the model derived by Buie et al. [2003b].
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Imperfect stray light rejection can be described as an increased FOV and also leads to reduced radiances
for this angle (0.2375°).
As the unfilled SFERA disk sunshapes are below the SSS, it cannot be excluded that the SFERA
disk radiance is systematically too low in the region close to the solar disk angle. The difference
between the unfilled SFERA averages and DLRMean is the maximum underestimation of the relative
radiance, because DLRMean overestimates this disk radiance. Hence, the maximal underestimation
of the relative radiance within the innermost 0.2° is confined to approximately 0.1. The maximum
underestimation for angles close to the solar disk angle is 0.25 for the Masdar unit and 0.35 for the
PSA unit. Such an underestimation of the relative radiance close to the disk edge could be explained by
a systematically too high correction for the effect of multiple reflections of the solar disk in the SAM’s
optics. The multiple reflections are removed for the determination of the disk profiles in Visidyne’s
evaluation software. Also, non concentric detection of the solar disk in the images will always reduce
the relative disk radiance close to the solar disk. In the case of the filled radiance profiles, this potential
error is compensated by the use of the Buie profiles for the temporal gap-filling. However, it is assumed
that the error of the unfilled profiles is smaller than the estimated maximum underestimation and
that the SFERA disk radiance profiles describe the solar disk radiance better than DLRMean. It
is concluded that the SFERA system delivers valid disk profiles for CSP application. The effect of
erroneous radiances on the modeling of CSP plants is estimated to be negligible, as the reduction of
the intercept factor basically occurs due to circumsolar radiation.
Comparison of aureole profiles close to the disk angle
The most obvious difference between the SFERA sunshapes on the one hand and the SSS and DLRMean
on the other hand appears for angles slightly greater than the solar disk angle. The relative radiances
for these angles from the Neumann system and the LBL telescope are greater than the values expected
from a power-law behavior. This behavior is not reproduced by the angular gap-fitting algorithm of
the SFERA systems. Also, sunshapes from MYSTIC that were used in the framework of the analysis
of the spectral scaling algorithm (section 3.5.3) do not show such a deviation from the power-law shape
within the aureole.
The deviation from the power-law shape of the radiance occurs also for individual sunshape mea-
surements from the LBL telescope and the Neumann camera and already for angles greater than the
maximum solar disk angle (see distance between maximum and average disk angle in figures 3.21 and
3.22). Hence, the increase of the radiance is not a result of the averaging of different sunshapes for
different solar disk angles. It can be connected to instrumental properties of the LBL telescope and
the sunshape camera as explained in the following.
The LBL instrument’s finite aperture has to be considered in this case, too. Measurements between
the current disk angle and the disk angle plus the FOV (half angle) such as the measurement for 0.2625°
are not reliable. However, the radiance of the SSS and single LBL measurements already increase more
than expected for angles that are greater than the disk angle plus the FOV (half angle). One would
expect a relative radiance of 0.006 for the SSS and 0.2875°, but the relative radiance for this angle
is 0.011. As for the disk sunshape, tracking errors and/or stray light have a systematic influence.
Stray light could be one reason for this behavior. The effect can be explained in the same way as the
underestimation of the radiance inside the solar disk close to the disk angle. The first two of the three
considered cases lead to an overestimation of the radiance because the aureole radiance is a convex
function of the angular distance from the sun. The third case was a scan with constant tracking error
that does not pass through the center of the sun. Such an error causes a very small underestimation
of the radiance27.
Furthermore, scattering of disk radiance on the telescope’s potentially soiled entrance window or
the imperfect mirror could have increased the radiance close to the edge of the disk. It is concluded that
the relative aureole radiance for α = 0.2875° was systematically overestimated by the LBL instrument.
For Neumann’s sunshape camera the slope of the relative radiance from the “DLR0” sunshape
changes already between 0.3° and 0.4° away from the sun. The Neumann system overestimated the
radiance close to the solar disk angle even more than the LBL instrument. This was noticed and
interpreted as an effect of the image definition. Therefore, the CSR was calculated with a disk angle
that was increased by 0.36 mrad (0.021°; Neumann and Von Der Au [1997]) to reduce the effect.
The effect is a general restriction for camera based measurements of the solar aureole radiance and
corrections or replacement of the radiance by a power-law fit should be considered. The extraordinarily
high CSR from such a camera system for clear atmospheres reported by Gambardella et al. [2011] are
27For the sunshape “DLR10” from Neumann et al. [2002] the underestimation of the relative radiance at 0.2875° for
this type of tracking error of 0.0083¯° is only 0.0001.
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Figure 3.23: Comparison of the Buie sunshapes with standard sunshapes and SFERA measurements
for various airmasses AM for 14/6/2012 from PSA.
probably caused by similar effects. The same problem can also be seen for the camera system used by
Sauerborn et al. [2011]. The evaluation algorithms for the CSR calculation of this system could not be
used with the expected geometric calibration that should allow the conversion from pixel to angular
coordinates (Arshadi-Bidgoli [2011]). As for Neumann’s sunshape camera, a greater disk radius (in
pixels) had to be used.
The relative radiance from the SFERA system in this region is determined with the gap-fit, so
that such instrumental errors are avoided. The additional scattering correction further reduces the
probability for overestimation of the aureole radiance.
Comparison of the slope of the aureole profiles
As stated above, the gap-filling with Buie sunshapes makes the aureole profiles steeper. This was
especially visible for the Masdar averages. The Buie sunshapes are noticeably steeper than the SFERA
sunshapes. This is illustrated in Fig. 3.23 with various Buie sunshapes and SFERA results from PSA
for a cloudless, slightly hazy day (14/6/2012). Standard sunshapes are also shown as orientation. The
legend shows the CSR(7◦) and the airmass AM for the SFERA measurements. The shape of the
aureole profile is nearly constant for the selected measurements and one aureole can be approximated
by another SFERA measurement multiplied with a single factor. This corresponds to shifting the
aureoles up and down in the log-log plot. The Buie sunshapes are named in the legend corresponding
to their CSR(0.2665◦, 3.2◦) (0.015, 0.03, 0.05 and 0.1)28.
It was found that Buie’s algorithm (Buie et al. [2003b]) to determine the aureole slopes (γ) as
a function of the CSR favored too steep sunshapes for the most frequent CSR range. They first
determined the averages of γ obtained for sunshapes in different CSR intervals between 0 and 0.8 for
all sites of the LBL reduced data base separately. The aureole fit procedure that was applied to the
sunshapes also included the systematically too high radiances of the LBL aureole measurements close
to the solar disk angle. As γ is negative this means that the averages were too low. Then they fitted
these too low averages of γ as a function of the CSR and obtained
γ = 2.2 · ln(0.52 · CSR) · CSR0.43 − 0.1. (3.43)
This function generally fits well to the averages of γ if we consider the complete range of CSRs
between 0 and 0.8. However, the found function is lower than nearly all averages of γ for CSRs below
approximately 0.1. In the CSR interval between 0.1 and 0.2 the scatter of the averages of γ around
the function is asymmetric and deviations from the function towards higher values are higher. This
28For the outer boundary angle 7° these CSR are slightly higher (0.018, 0.04, 0.071 and 0.133).
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Figure 3.24: Two Buie sunshapes with CSR(α¯disk, 3.2°) of 0.03 and 0.05, two standard sunshapes
and LBL measurements for selected CSR ranges from Barstow, California. LBL measurements with
CSR(αdisk+0.013¯°, 3.2°) between 0.025 and 0.035 are shown in gray with crosses as markers. LBL
profiles with CSRs between 0.045 and 0.055 are shown in red with circles.
means that the fit function yields too low γ and that the Buie sunshapes are steeper than the fitted
LBL sunshapes for CSR < 0.2. The effect of these rather technical issues is illustrated in Fig. 3.24. It
shows two Buie sunshapes with CSR(α¯disk, 3.2°) of 0.03 and 0.05 next to two standard sunshapes and
LBL measurements from Barstow, California. Every third profile from the LBL measurements with
CSR(αdisk+0.013¯°, 3.2°) between 0.025 and 0.035 is shown in gray with crosses as markers. Every
third profile with CSRs between 0.045 and 0.055 is shown with circles. Nearly all LBL profiles are
flatter than the Buie sunshape.
Two groups of sunshapes can be distinguished. The bigger of the two groups has flat aureoles with
similar shape. This group corresponds to the aureoles plotted for different airmasses in Fig. 3.23. The
other group of aureoles is smaller than the first one (only three sunshapes shown) and is even steeper
than the Buie sunshapes. The two groups are interpreted as cases with and without the presence of
clouds, respectively. Sunshapes with the same CSR can be found for high slant aerosol optical depth
under a clear sky but also for a situations with low slant aerosol optical depth and thin cirrus clouds.
The aerosol dominated case will typically lead to a flatter aureole than the cirrus case. This is due
to the larger size of typical cloud particles compared to typical aerosol particles. Hence, a site with
basically aerosol dominated sunshapes has a flatter average profile than a site with the same CSR
histogram, but cloud dominated scattering. This also explains the flat aureole of the “unfitted” average
sunshape for Masdar.
Another interesting finding from Fig. 3.23 is that the aureole profile for “Buie015” is completely
below the SFERA aureoles although two of their CSRs are below the CSR of this Buie sunshape. This
is a result of the Buie sunshape’s high disk radiance close to disk edge.
The above discussion allows a more detailed understanding of the filled SFERA average sunshapes.
The application of the Buie sunshape causes an artificially too steep aureole profile. This is a short-
coming that might be improved by a gap-filling with a different sunshape model. The development of
such a model is not included here, because the effect of the higher frequency of steep slopes on the
following raytracing analyses is expected to be small. From the results presented by Grether et al.
[1977c] and Rabl and Bendt [1982] a nearly linear dependence of the intercept factor of CSP collectors
on the CSR is expected. Hence, the gap-filling should first of all provide useful exemplary CSR time
series. The exact shape of the relative radiance profiles is of secondary importance. Some effect of the
gap-filling and its influence on the slope of the sunshapes has to be considered, but the advantage of
analyzing a complete year surely overcompensates this effect.
For completeness, it should also be mentioned that the DLRMean sunshape is even steeper than
the Buie profiles (see Fig. 3.23). One reason for that is the lack of a scattering correction for the
3.7. SUMMARY FOR THE SFERA SYSTEM 95
radiance (a correction was only applied for the inner limit angle, αdisk, for the calculation of the CSR;
see previous sub-section). Furthermore, high CSRs were mostly measured by the DLR camera during
cloud passages at Cologne and Odeillo in all likelihood. As sunshapes for ice clouds are steeper than
sunshapes that are dominated by aerosols, this will cause a steep average sunshape.
3.7 Summary of the results from the SFERA sunshape mea-
surement system
A sunshape measurement system based on the SAM instrument has been developed and its uncertainty
has been determined. The overall uncertainty in broadband CSR is significantly smaller than what
was obtained with the sunshape camera previously used by DLR. The uncertainty of the CSR from
the SFERA system rises nearly linearly from about 0.005 for a CSR of 0 to about 0.035 at a CSR of
0.2. For higher CSR, the uncertainty rises with a lower slope to about 0.055 at a CSR of 0.4.
Also the shape of the radiance profiles avoids some systematic errors of previous systems. In ad-
dition, the spectral dependence of CSR was investigated and can now be determined. By combining
spectral sunshapes and measurements of the optical properties of scatterers (cloud and aerosol parti-
cles), a deeper understanding of the circumsolar radiation actually affecting concentrating collectors
can now be achieved. A case study for four CSP plants will be presented in the following chapter.
Two and a half years of data have been collected at PSA and one 1.5 years at Masdar as of November
2013. Average sunshapes and CSR histograms were analyzed and compared. In Masdar, higher CSR
occur noticeably more often than at PSA. Hence, the weighted average sunshape for the exemplary
dataset from Masdar is broader than that for PSA (CSR(α¯disk, 3.2
◦) = 0.091 for Masdar and 0.046 for
PSA). The weighted average sunshape for PSA is quite similar to the SSS and the weighted average
sunshape from the previous DLR sunshape camera.
Apart of the two systems used here, other SAM units can now be used to determine further
broadband sunshapes. A CSR measurement network called SAMNET is being created, in collaboration
with CNRS-PROMES (France), Masdar Institute (Abu Dhabi) and Visidyne (USA). Currently six
stations are available (three in the US, one in France and the two sites used in this work)29.
29http://www.visidyne.com/SAM/SAM DATA .htm (last accessed 6/11/2013)
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Chapter 4
Effect of circumsolar radiation on
CSP
The analysis of the effect of circumsolar radiation on CSP was carried out based on raytracing cal-
culations. Raytracing models were used as they can describe the optical behavior of a collector more
accurately than analytical methods. SPRAY (Buck [2010]) was selected from the models that were
presented in section 2.7.2. The most important advantages of SPRAY are that it can be used for
all four common CSP technologies including troughs and towers and its compatibility to HFLCAL
(Schwarzbo¨zl [2009]). The latter is applied for the optimization of heliostat fields.
Two sites were selected for the analysis: PSA and Masdar Institute. Since the effect of circumsolar
radiation depends on the plant characteristics and varies with the position of the sun, a complete
year is processed for each of the investigated cases. Time series of both DNI and the sunshape are
used for the calculation of the annual yield. SPRAY allows calculations with time series of the DNI,
but only one constant sunshape can be specified. Hence, the SPRAY executable is called for every
timestamp by an external program that modifies the sunshape, the DNI and the solar position for each
run of SPRAY. The raytracing results for all timestamps are then read in by the external program and
evaluated.
The study focuses on the question “How wrong are yield calculations with a specific standard
sunshape or experimental performance data instead of site specific sunshape time series?”. To answer
this question, four different sunshape datasets are processed for each of the two selected sites. For
each of the sites, simulations are performed with the LBL standard solar scan (SSS, Rabl and Bendt
[1982]), the sunshape DLRMean (Neumann et al. [2002]), the disk sunshape from Winter et al. [1991]
(Eq. 2.18) and the time series of sunshapes which have been created in the previous sections of this
work. A disk sunshape would not be selected for yield analysis following the state of the art. However,
it is used as a simplification at times (e.g. Schwarzbo¨zl et al. [2009], Johnston [1998]). Furthermore,
yield analysis calculations that are based on experimental collector performance data (IAM, intercept)
are also considered. Such experimental data is often measured for clear sky conditions and CSRs close
to zero. Hence, the experimental results represent the optical performance of the collector for the disk
sunshape better than the performance for the other two standard sunshapes.
Realistic plants that are of interest for the CSP market should be defined for a meaningful analysis.
First of all, the discussed plants have to be conform to the state of the art or to possible plants in the
short term development. The effect of the circumsolar radiation depends on the real geometry of the
plant (Rabl and Bendt [1982]), including in particular also the optical errors of the collector.
Evaluations for two exemplary CSP plant types were performed: A parabolic trough with Eu-
roTrough geometry and a 162 MWth solar tower plant with an absolute cavity receiver based on a
plant presented by Heliotower in Wieghardt et al. [2012], Fritz et al. [2012], Prosinecki and Schnat-
baum [2012]. Some properties of the plants had to be adapted to the site of interest corresponding
to the available solar resource. For the trough this site adaption is done in this study by varying the
number of solar collectors. For the tower, an individual heliostat field is optimized for each of the two
investigated sites.
The intercept factor and the received power are calculated for both plant types and the annual
thermal energy yield that could be converted to electricity is derived. The thermal storage of the plants
is also included. Hence, the thermal properties of the plant are considered although the objective is
to evaluate optical effects. The thermal performance is modeled in a simplified manner. This avoids
many assumptions for the thermal properties that might dilute the investigated influence of circumsolar
97
98 CHAPTER 4. EFFECT OF CIRCUMSOLAR RADIATION ON CSP
Figure 4.1: Scheme of a EuroTrough 150 collector.
radiation on the CSP plants.
In the following, the plants and the calculation algorithms are described. Finally, the results of the
raytracing analysis are presented.
4.1 Exemplary CSP plant: EuroTrough
The EuroTrough 150 collector was selected as an example for a line-focusing system. The collector field
consists of many parallel collectors. Each collector has its own drive and is composed of 12 modules
(Fig. 4.1). The common commercially used collector orientation from north to south is investigated.
The main properties of the selected EuroTrough plants are presented in the following text and in
Tab. 4.1. A more detailed overview of the collector and a EuroTrough plant can be found in Geyer
et al. [2002] and Riffeser et al. [2011].
The EuroTrough’s geometry and the optical errors were taken from deflectometric measurements
of one module using the QFly system (Prahl et al. [2013]). This measurement system determines the
concentrator slope deviation in the direction perpendicular to the absorber tube (defined as the x
direction). The mirror slope is calculated using the reflection of the absorber tube in the mirror as
imaged by a camera looking towards the collectors from some distance and close to the optical axis of
the collector. The standard deviation of the x slope errors for these measurement results are 2 mrad.
Mirror areas that were not measured with the QFly system were interpolated and extrapolated such
that the RMSD of the x slope deviation for every mirror panel remained the same as that obtained
without the filled areas1.
Another property that is determined by QFly is the position of the absorber tube. The approxi-
mately 12 m long absorber tube for one module is described as 27 cylinders with lengths between 0.4
and 0.9 m.
The slope error in y direction (parallel to the absorber) is not determined with QFly. Instead, the
y slope errors are described as a Gaussian distribution with a standard deviation of 2.7 mrad. This is
the average of standard deviations of the y slope error from four outer and four inner mirror panels
presented in Ma¨rz et al. [2011], Mo¨ller [2004] and Wilbert [2009]. The eight panels were measured with
the deflectometric setup from Ma¨rz et al. [2011] and photogrammetry (Mo¨ller [2004]). The results from
the outer and the inner panels were weighted with their contributed area to the collector aperture.
The mirror normal vectors are calculated using the slope errors in x and y direction and the
ideal surface slope for the design geometry. One normal vector per cm² and the ideal mirror surface
coordinates are entered into the raytracing.
Tracking errors are assumed to be Gaussian distributed with standard deviation 1 mrad (Pottler
et al. [2013]). The slightly scattered reflection of the glass mirrors is neglected as only a negligible
contribution to the total optical error can be expected. Pettit [1977] reported beam spreads due to
imperfect specular reflection of 0.15 mrad for glass mirrors which is much smaller than the stated slope
deviations.
The reflectivity is set to 0.898. This is the product of the broadband reflectivity of a clean, new
EuroTrough (0.94 from Geyer et al. [2002]), the average cleanliness (0.97 from Kolb et al. [2007]), the
availability (0.985 from Schmitz [2007]) and the durability (set to 1 corresponding to the goal from
Price [2003]).
The receiver tube PTR70 from Schott is described with a transmittance of 0.96 and a broadband
absorptance of 0.95 (both from Schott-Solar [2009]). These values hold for zero incident angle. The
change of the product of both values with the incidence angle is included in the IAM function “2d*”
from Janotte [2006]. This IAM function has to be connected with the actual raytracing result as the
geometric part of the IAM is already included in the raytracing. The IAM is described in more detail
in section 4.1.1.
The field design of the Andasol 3 plant as presented in SolarPACES [2013] is used for PSA2. The
1The QFly results were provided by Christoph Prahl, DLR, Institute of Solar Research (Prahl [2013]).
2The plant layout of Andasol 3 is described slightly differently in Riffeser et al. [2011], but the deviations are irrelevant
for this study.
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Parameter/property Value Comments/references
collector length [m] ≈ 148.5 Geyer et al. [2002]
module length [m] ≈ 12 Geyer et al. [2002]
daper [m] ≈ 5.77 Geyer et al. [2002]
focal length [m] 1.71 Geyer et al. [2002]
x slope errors [mrad] 2 QFly measurement
y slope errors [mrad] 2.7 Ma¨rz et al. [2011],
Mo¨ller [2004], Wilbert [2009]
tracking errors [mrad] 1 Pottler et al. [2013]
reflectance of clean mirror 0.94 Geyer et al. [2002]
availability of the collectors 0.985 Schmitz [2007]
cleanliness factor 0.97 Kolb et al. [2007]
durability of the mirrors 1 Price [2003]
average reflectance (see caption) 0.898 0.94 · 0.985 · 0.97 · 1
absorber radius [mm] 35 Schott-Solar [2009]
length of hot absorber tube element [m] 4.092 Schott-Solar [2009]
receiver envelope transmittance 0.96 Schott-Solar [2009]
receiver broadband absorptance 0.95 Schott-Solar [2009]
IAM function “2d*” Janotte [2006]
distance Drows between rows 3 · daper Schenk and Eck [2012]
NColl, the number of collectors 624 (PSA) SolarPACES [2013]
740 (Masdar) see text
NRowsShad 39.5 (PSA) see text
47 (Masdar) see text
Table 4.1: Main properties of the EuroTrough plants. The average reflectance is the product of the
reflectance of the clean mirror, the availability, the cleanliness and the durability.
raytracing is performed for only one module and then upscaled to obtain the result of the whole field.
End losses and shading of collectors by their western or eastern neighbors are considered. The distance
Drows between two rows is thrice the collector aperture. 624 collectors are distributed in 78 rows (row
direction from north to south). The power block is located in the center of the field, and the eastern
and the western half of the solar field are separated by an approximately 180 m wide gap that is only
partially filled with the power block and the storage that are higher than the collectors. Thus, the
number of rows that can shade each other is estimated as NRowsShad = 39.5. Equation 2.30 is used to
determine the shading losses. The treatment of end losses is described in the next section.
For Masdar, the number of collectors is set to 740 and NRowsShad is 47. To obtain these figures,
the annual sum of the heat that reaches the power block was calculated for Masdar and PSA with the
collector field as defined for PSA. These annual sums are calculated as explained in what follows with
the standard solar scan. No dumping losses were considered for these preliminary results. The annual
sum for Masdar with this preliminary field is only 84 % of the sum for PSA3. Then NRowsShad and
NColl for PSA are divided by 0.84 to determine the values for Masdar.
4.1.1 Calculation of plant output
As stated above, the intercept factor and the received power are calculated. The raytracing itself does
not directly deliver these results for the complete solar field as only the reflector of one collector module
is evaluated in SPRAY. The determination of the power from the complete field is based on the power
received by every single receiver sub-element for the modeled module, as presented in the following.
Intercepted power and intercept factor
In particular due to end losses, it is not correct to multiply the intercepted power for the modeled
single module with the number of modules in the complete collector field to calculate the intercepted
power of the whole field. To allow for the calculation of the intercepted power of the complete field,
receiver sub-elements were defined also in the north and the south of the module’s mirror surface. The
3Due to the higher solar positions, this ratio is higher than the ratio of the annual sums of the DNI for the exemplary
years, which is 77 %.
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Figure 4.2: Schematic lateral view of the EuroTrough module for the raytracing. The arrows represent
exemplary rays.
total intercepted power for the whole collector field is derived as a superimposition of the intercepted
power of the modeled receiver sub-elements.
Figure 4.2 presents a sketch of the modeled collector module at solar noon as seen from the east
(assuming a plant on the northern hemisphere). Besides the modeled components also the mirrors
of its northern and southern neighbor modules that are not modeled in SPRAY are shown. For the
sketch it is assumed that the modeled module is one of the ten modules in one collector with both a
northern and a southern neighbor. One collector consists of 12 modules as depicted in Fig. 4.1.
The sketch shows the receiver tube as a central black part and two gray parts. As stated above,
the receiver is modeled as several receiver sub-elements (42 in total). The receiver sub-elements are
cylinders with lengths between 40 and 90 centimeters. Several sub-elements together describe one not
necessarily straight receiver tube element (length approx. 4 m) corresponding to the QFly measure-
ments. All 42 receiver sub-elements together describe the complete modeled receiver.
Also the bellow pairs are shown in the sketch. Bellows are used to connect absorber tubes with
each other and do not absorb the incoming radiation noticeably. Hence, the bellows are modeled as
blocking and shading elements in SPRAY. The absorber tube supports are not shown in the sketch,
but also included in the raytracing.
Exemplary sun rays that hit the easternmost mirror positions are depicted in Fig. 4.2 as arrows.
The yellow arrows with a solid line represent one ray that is modeled in SPRAY and that hits a receiver
sub-element above the module’s reflector. The green dashed arrows represent a ray that is modeled in
SPRAY and that hits a receiver sub-element in the north of the modeled reflector surface. Without
the definition of the receiver sub-elements in the north of the modeled reflector surface this ray would
not contribute to the intercepted power. The red dotted arrows represent a ray that is not modeled
in SPRAY, because the reflector of the southern neighbor module is not modeled. Hence, further
considerations are necessary in the post-processing. The red ray corresponds in a way to the green ray
as they incident at the same distance to the northern end of the two modules (the southern neighbor
module and the modeled module). In the same way, the receiver sub-element that is hit by the red ray
corresponds to the sub-element that is hit by the green ray. In order to include also the contribution
from the red ray in the total intercepted power, the power that is intercepted by the sub-element that
is hit by the green ray is multiplied by a certain integer.
For the presented raytracing study an integer factor wrec,n is defined such, that this compensation
is done for the complete collector and not only for three modules as shown in Fig. 4.2. wrec,n is the
number of receiver sub-elements in one collector that are represented in the raytracing by the nth
receiver sub-element. The shades of gray of the absorber tube in Fig. 4.2 correspond to the factor
wrec,n. The receiver sub-elements that are directly above the modeled module’s mirror surface exist
for all 12 modules in the collector. Hence, they represent wrec,n = 12 receiver sub-elements. In order
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to include the effect of the small distance between two modules, wrec,n = 12 is also assigned to the
receiver sub-elements that are less than 15.75 cm in the north or in the south of the module’s mirror
surface. The receiver sub-elements that are farther in the north or the south of the mirror do not
exist for the northernmost or the southernmost module of each collector. Hence, the exist only for 11
modules and wrec,n is 11 in these cases.
The intercepted power for the complete field Pinter(ηrefl,0, θi) is calculated from the intercepted
powers for all individual modeled receiver elements, Pinter,n, as
Pinter(ηrefl,0, θi) = NColl ·
42∑
n=1
wrec,n · Pn,inter. (4.1)
Pinter(ηrefl,0, θi) and all Pinter,n are calculated with the reflectance ηrefl,0 for incidence angle θi = 0
◦
and before the inclusion of shading by neighboring collector rows.
The shading, blocking and the gap between two modules next to the drive are treated identically to
the other modules in the collector as an approximation. On the other hand, possible end gains between
different collectors are also neglected, which partially compensates the effect of the approximation for
the drive. As these approximations are the same for all sunshape time series, the analysis will not be
influenced noticeably.
The required length of the receiver tube towards the north and the south of the module is derived
from the maximum and minimum incidence angle for the investigated sites. The coordinates of these
receiver elements are obtained by shifting the measured receiver coordinates from QFly along the ideal
absorber axis. Note that the definition of receiver sub-elements in the south of the modeled module is
necessary for solar positions that occur in the morning and in the evening of the summer months for
plants on the northern hemisphere.
The intercept factor for troughs is calculated excluding the end losses in this work and hence
the intercepted power Pinter,end(ηrefl,0, θi) for a collector field without end losses is also determined.
Pinter,end(ηrefl,0, θi) is calculated like Pinter(ηrefl,0, θi) in Eq. 4.1, but with a constant factor of 12
for all receiver elements instead of wrec,n. The reflected, unblocked and atmospherically transmitted
power Prefl,unbl,trans(ηrefl,0, θi) per module is calculated and returned by SPRAY
4. For the calculation
of the intercept factor this module specific power is multiplied by the number of modules in the solar
field (12 ·NColl). The intercept factor for the field and a specific incidence angle is calculated as
ηinter(θi) =
Pinter,end(ηrefl,0, θi)
12 ·NColl · Prefl,unbl,trans(ηrefl,0, θi) . (4.2)
Furthermore, also the end loss efficiency is calculated as
ηend(θi) = Pinter(ηrefl,0, θi)/Pinter,end(ηrefl,0, θi). (4.3)
Absorbed radiant power and IAM
Pinter(ηrefl,0, θi) is not the correct intercepted power as the reflectance depends on the incidence
angle. The raytracing itself only includes the geometric effects of shading, blocking and the intercept
factor on the IAM. The dependence of the reflectance, transmittance and absorptance of the optical
elements of the plant has still to be considered. As both the incidence angle and the clear sky CSR
vary systematically with the solar position, this is of importance for the assessment of the effect of
circumsolar radiation on the plant.
To include these missing incidence angle dependencies, the additional factor κA,T,R(θi) is defined.
κA,T,R(θi) is the incident angle modifier for transmittance, absorptance and reflectance in the Eu-
roTrough collector. The thermal power that is induced by absorption to the receiver is calculated
as
Pabs(θi) =Pinter(ηrefl,0, θi = 0) · ηshad(θSZA, θSAA) (4.4)
· ηabs,rec(θi = 0) · ηtrans,rec(θi = 0) · κA,T,R(θi).
The transmittance and the absorptance of the receiver and its envelope for zero incident angle are
given by ηabs,rec(θi = 0) and ηtrans,rec(θi = 0).
κA,T,R(θi) is calculated as
κA,T,R(θi) = IAMET (θi)/IAMwoATR(θi) (4.5)
4Atmospheric transmission within the CSP plant is set to one in the SPRAY calculations for the troughs.
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with the IAM, IAMET , from Janotte [2006] (result 2d*). IAMwoATR is obtained from the raytracing
results for the SSS. The data for IAMET includes the end losses for one half of an EuroTrough 150
collector and does not include cosine losses. Hence, IAMwoATR is also derived for these conditions. In
order to determine IAMwoATR, the ratio
IAMwoATR,pre(θi) =
Pinter,end(ηrefl,0, θi)
DNIexp · cos(θi) · (1− 2 · [1− ηend(θi)]) (4.6)
is calculated.
The ratio IAMwoATR,pre is not normalized to one for zero incidence angle. Therefore, the prelimi-
nary ratios IAMwoATR,pre are divided by the maximum of the IAMwoATR,pre with incidence angles
5
between 0° and -2°. It should be mentioned that IAMwoATR,pre is asymmetric with respect to the inci-
dence angle. The maximum of IAMwoATR,pre is reached for θi ≈ 8°. This deviation from a symmetric
behavior is caused by the geometric asymmetry of the position of the bellows within the module6. Such
an asymmetric behavior does not occur in a complete collector due to the symmetry of the collector
halves relative to the drive. The effectively used IAM curve is proportional to (κA,T,R(θi) · ηinter) and
hence symmetrical.
4.1.2 Storage and operation strategy
For the calculation of the annual sums a solar-driven operation strategy and a thermal storage were
considered. No fossil backup is assumed. The power block of a plant operated with a solar-driven
strategy is under operation if the field delivers more than a specific minimum power. The storage is
charged if the field delivers more power than the power block can use. The storage is used to maintain
the nominal operation of the power block during times with low DNI (e.g. cloud passages or in the
evening).
Furthermore, dumping is considered for the trough plant. The plant will not be in operation for
low DNIs in reality, because the parasitic losses will be higher than the electricity production of the
plant for such a situation. Examples for parasitic losses are the power consumption of the drives for
the collector tracking and of the pumps that circulate the heat transfer fluid. Thus, the solar energy
will be dumped. Following the possible options presented in Schenk and Eck [2012], it is assumed that
the plant is not in operation when the effective DNI (DNIeff ) is less than 150 W/m². The effective
DNI for a parabolic trough plant is defined as
DNIeff = IAM · cos(θi) ·DNIexp. (4.7)
This case is called underload dumping and will be considered for the evaluation of the effect of circum-
solar solar radiation, especially because of the airmass dependence of the CSR.
On the other hand, overload dumping occurs when the storage is full and the maximum power
block load is reached already with partial field operation. This has an effect on this comparative study,
too. Dumping occurs for long days with high DNI which is usually the case for low CSRs (i.e. lower
CSRs than that of the SSS and DLRMean). The intercept factor and the yield of the calculations with
sunshape time series for such days will be higher than the calculations with the standard sunshapes, if
no dumping is considered. If overload dumping is included, the plant yield for the day will be the same
for both sunshape time series. Therefore, overload dumping is considered in this study and hence also
the thermal losses must be modeled.
First, the net power transferred to the heat transfer fluid after considering the receiver’s thermal
losses is calculated as
Prec ≈ Pabs · ηth,rec. (4.8)
Here, ηth,rec = 0.9 (Lu¨pfert et al. [2008]) is an approximation for the annual thermal efficiency of the
receiver tubes. The thermal power transferred from the solar field to the power block or the storage,
PSF , is approximated as
PSF ≈ Prec · ηth,pipe (4.9)
5Positive incidence angles occur when the sun is in the north of the collector. Several calculations of IAMwoATR,pre
with SPRAY for one fixed incidence angle do not deliver exactly the same result, as the raytracing uses a Monte Carlo
method. Hence, the small angular interval is defined for the normalization instead of normalizing just with one result
for θi = 0°.
6The center of the southern bellow pair for one module is 46.5 cm in the south of the aperture. The northernmost
bellow pair in the module ends with the northern end of the module’s aperture (see Fig. 4.2, second bellow pair from the
right). It was found that the influence of one bellow pair causes local maxima of IAMwoATR,pre(θi) with a deviation
of approx. 1 % relative to the symmetric behavior. This corresponds well to the ratio of the bellow pair’s length to the
module length (incl. distance to the next module): 0.16 m / 12.275 m = 1.3 %.
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with ηth,pipe = 0.95 (Pitz-Paal et al. [2005]) as an approximation for the annual thermal efficiency
of the pipes between the collectors and the power block. As stated above, the thermal losses are not
modeled in detail. As we only compare the results for different sunshape time series, this approximation
is acceptable as it influences the different results for the sunshape time series in the same way.
In order to show the effect for different plant layouts, two cases for overload dumping are investi-
gated:
1. In the first case dumping is not considered. This assumption corresponds to a high storage
capacity, e.g. about 10 h for PSA7.
2. Dumping occurs if the current power delivered by the solar field is higher than the maximum
thermal input of the power block and the storage is already full. The maximum power that can
be used by the power block is set to 131.6 MWth (corresponding to 50 MWel with an efficiency of
38 % as stated in Wittmann et al. [2008]). As in the Andasol plants, a storage with 1100 MWth
capacity (Wittmann et al. [2008]) and 0.95 efficiency (Pitz-Paal et al. [2005]) is assumed. The
capacity corresponds to 7.5 h full load power block operation using only the storage.
In both cases, an unlimited storage charging and discharging power is assumed. Shut down of the
plant due to wind velocity is only considered by reducing the reflectivity corresponding to the assumed
availability. It is assumed that the plant outages are not correlated with the deviation between the
plant yield calculated with the measured sunshapes and with the standard sunshapes. Other meteoro-
logical parameters as temperature, humidity and pressure are only considered indirectly in the constant
thermal and power block efficiencies.
The same turbine and storage capacity is used for both sites. Only the size of the solar field is
adjusted for Masdar as explained above. The heat that reaches the power block, QPB , is calculated
from PSF under consideration of the storage efficiency and the above stated scenarios for dumping.
After the following presentation of the exemplary tower plant, the treatment of the sunshape data
for SPRAY will be explained.
4.2 Exemplary CSP plant: solar tower
Tower plants with an absolute cavity molten salt receiver are selected as examples. The heliostat field
geometry is optimized for the site of interest. One field is designed for Masdar and another one for
PSA. This is done using HFLCAL with monthly averages of the daily DNI course in hourly resolution.
The averages are calculated for the DNI time series corresponding to the gap-filled one-year sunshape
time series.
In HFLCAL, the sunshape can only be included as a constant total beam error σbeam,tot (standard
deviation of the total angular deviation of the reflected rays relative to the ideal path) that includes
also the optical error, σopt, of the mirror (erroneous slope of the tracked mirror surface). This is an
approximation that is considered as the state of the art. In this work, potential improvements of the
plant optimization for a site specific sunshape are not discussed. The HFLCAL specific recommended
relation8 between the total beam error, the sunshape and the mirror’s errors from Schwarzbo¨zl et al.
[2009] is used for the optimization, independent of the site specific sunshape time series.
The plant presented by Heliotower (Wieghardt et al. [2012], Prosinecki and Schnatbaum [2012],
Fritz et al. [2012]) is selected as a starting point for the plant design. The target is to have a plant
7The relation of the size of the storage and the resulting dumping is presented for two EuroTrough plants in Schenk and
Eck [2012]. Approximately 1.5 % of dumping were found for a levelized electricity cost optimized 50 MWel EuroTrough
plant in Seville with 7.5 h storage. With about 10 h storage, no dumping would be necessary following the study.
If the temporal variation of the electricity price is included in the plant optimization and operation, larger storage
systems might be found to be economically preferable. Hence, this case might be relevant for future plants.
8The relation can be expressed as the polynomial
σbeam,tot =
−0.0565
mrad2
· σ3opt +
0.5633
mrad
· σ2opt + 0.0759 · σopt + 2.63 mrad
which was obtained as a fit to the data presented in Schwarzbo¨zl et al. [2009], Fig. 3 (coefficient of determination 0.999).
Even for perfect heliostats without optical errors the total beam error is greater than zero because of the sunshape.
The data points from Fig. 3 in Schwarzbo¨zl et al. [2009] were derived by comparing HFLCAL flux distributions in the
aperture with flux distributions for the same plant calculated with an updated version of MIRVAL (now called SPRAY).
The sunshape used for the MIRVAL calculations is called “Kuiper sunshape” in Schwarzbo¨zl et al. [2009]. The used disk
radiance profile can be approximated with the Kuiper formula (Eq. 2.8) and βK = 2. However, the circumsolar relative
radiance of this “Kuiper-sunshape” is not zero, but it falls from 0.33 to 0 between the solar disk angle and 6 mrad, so
that quotation marks are used here. Schwarzbo¨zl et al. [2009] states Biggs and Vittitoe [1979] as a reference for the
sunshape. There a quite similar although not identical sunshape can be found.
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Heliostat property Value Comments/references
total reflective surface 146.88 m² Strachan and Houser [1993]
facet surface 1.4688 m² Mancini [2000],
Strachan and Houser [1993]
height of the mirror surface 12.561 m Strachan and Houser [1993]
width of the mirror surface 12.341 m Strachan and Houser [1993]
height of the elevation axis 7 m estimated based on the height
of the reflector and Fig. 1 in
Strachan and Houser [1993]
slope error σslope 1.4 mrad see text
tracking error σtrack 1.25 mrad average of typical tracking
errors, Kribus et al. [2004]
optical error 1.88 mrad (σ2slope + σ
2
track)
1/2
σopt
total beam spread 4.38 mrad σopt and Fig. 3 in
σbeam,tot Schwarzbo¨zl et al. [2009]
reflectance of clean mirror 0.94 Mancini [2000],
Strachan and Houser [1993]
cleanliness 0.97 Kolb et al. [2007]
availability 0.985 Schmitz [2007]
average reflectivity 0.898 0.94 · 0.97 · 0.985
Table 4.2: Properties of the selected heliostat.
with approximately 150 MWth with a tilted absolute cavity molten salt receiver opened towards the
north (on the northern hemisphere) and a heliostat field that has most heliostats in the north of the
tower, but also some heliostats in the south-west and the south-east of the tower.
Some of the properties selected by Heliotower are changed as they are not implemented in the
HFLCAL and SPRAY codes. The so-called“slip planes”geometry of the heliostat field is used instead of
the spiral distribution suggested by Heliotower. The hexagonal 36 m² heliostat presented in Prosinecki
and Schnatbaum [2012] cannot be modeled in HFLCAL. Therefore, and in order to save calculation
time, the approximately 150 m² heliostat ATS H150 (Strachan and Houser [1993]) is used. Such
heliostats are seen as the most cost efficient by some authors (e.g. Kolb et al. [2007]). The changed
heliostat size makes further changes of the design necessary. The tower height to the receiver center
(160 m for original Heliotower system), the receiver tilt angle (originally 50°) and the size of the aperture
(originally 15 x 15 m²) have to be optimized for the chosen heliostat geometry. The corresponding
optimization procedure is described in the next section.
4.2.1 Plant optimization procedure
The applied plant optimization procedure in HFLCAL consists of two steps. The first step is the
selection of start values for the plant geometry and the receiver and an optimization of the plant’s heat
generation cost to fix the geometrical properties of the tower and the receiver. This first step is carried
out for PSA with the genetic algorithm included in HFLCAL. After this first rough optimization, the
tower height, the aperture geometry and its tilt angle are held constant for the further optimization
for both sites (PSA and Masdar) to increase the comparability.
The flux on the cavity’s inner surface was investigated after the first step of the tower plant opti-
mization and one aimpoint was considered as sufficient as discussed in the following. In the last step,
the heliostat field geometry is optimized with HFLCAL’s combined optimization option consisting of
the genetic algorithm plus the Powell method.
Step 1: Determination of the receiver geometry and start values
Different components and their properties have to be specified for the optimization of the plant. The
ATS H150 was selected as heliostat. Its properties including the used references can be found in Tab.
4.2. In contrast to the analysis for the trough no measured slope angle deviation is used, but the slope
errors are assumed to be Gaussian distributed. This is a reasonable assumption for the expected high
number of heliostats (approximately 3000).
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Receiver property Value Comments/references
model type predefined Schwarzbo¨zl [2009],
model 1 see text
optical efficiency 0.972 Fritz et al. [2012]
emissivity of receiver 0.976 Fritz et al. [2012]
design point temperature 22 K Fritz et al. [2012]
difference of receiver wall
convective loss coefficient 0.01 Giuliano et al. [2010] (results
kW/(m²K) in about 1 % convective losses
stated in Fritz et al. [2012])
design point outlet 565°C
temperature Ortega et al. [2008]
design point inlet 290°C (similar to Fritz et al. [2012])
temperature
Table 4.3: Properties of the absolute cavity molten salt receiver.
The slope error of 1.4 mrad is selected based on slope errors reported for various heliostats. Strachan
and Houser [1993] reported high changes of the ATS H150’s slope error with its position. The stated
slope errors are 1.2 mrad at noon and 2 mrad for times more than 2 h away from noon. They derived
this slope error using the flux measurement and comparison with raytracing and hence specular errors
are already included here. It is assumed that the heliostat stiffness was improved in the last two decades
and that the heliostats of the exemplary plant have a constant slope error of 1.4 mrad. This slope error
is similar to that of other heliostats described in Mancini [2000] (e.g. Colon 70). Furthermore, it has
to be considered that it is not the state of the art to include the variation of the slope errors with the
heliostat position in annual yield calculations. The heliostats are assumed to be parabolic with focal
lengths given by the individual slant range.
As stated above, a cavity receiver with salt as heat transfer fluid was selected for the exemplary
plant. The molten salt flows through a system of absorber tubes that are positioned at the inner walls
of the cavity. The receiver properties are basically used from Heliotower’s specifications (Fritz et al.
[2012]). A round aperture with an optimized diameter is used instead of the originally rectangular
receiver as this geometry allows a more flexible aimpoint strategy in HFLCAL. The receiver properties
are summarized in Tab. 4.3.
For the optimization, the receiver is modeled with the HFLCAL option “predefined model 1”
(Schwarzbo¨zl [2009]) that assumes a constant heat transfer fluid mass flow through the receiver, while
the receiver outlet temperature varies with the receiver load. Reflection, thermal emission, and con-
vection are considered as loss mechanisms. The temperature of the emitting surface is derived as an
average of the receiver inlet and outlet temperature increased by the temperature difference along the
receiver tube walls. This temperature difference across the receiver wall and the difference between
outlet and inlet temperature are assumed to be linearly connected to the intercepted power9.
Only one aimpoint in the center of the aperture is used for the first optimization step. The design
thermal power transferred to the heat transfer fluid, Prec, is set to 162 MWth
10. The total height of
the tower that shades the field is estimated as the height of the receiver center plus 20 m. The tower
radius and the minimum distances between the heliostats and the tower and neighboring heliostats are
determined using the formulas from Richert [2010] (page 48).
For the optimization of the southern part of the heliostat field with a receiver opened to the north,
9The chosen receiver model does not describe the typical receiver operation for a molten salt receiver with thermal
storage exactly, as for such a receiver the outlet temperature is held constant. For a constant receiver outlet temperature
the losses for low intercepted power are higher than in the case of constant heat transfer fluid mass flow. In the time
series used for the optimization, low intercepted power and noticeable deviations between the two receiver models only
occur in the morning and in the evening, because monthly averages of the daily DNI course are used as meteorological
input. For the later presented result of the first optimization step and June, the receiver efficiency varies from 95 %
at noon to 92.6 % at 6:00 in the morning, while it falls from 94.8 % to 87.6 % at 6:00 for the receiver model with
constant outlet temperature. The optimization with the selected model leads to a tower plant with a slightly smaller
diurnal variation of the field efficiency compared to an optimization assuming a constant outlet temperature. This is an
advantage for the plant operation and the detailed design of components as pumps and heat exchangers. However, the
selection between the two receiver models has only a negligible influence on the optimization. The resulting annual field
efficiencies and the parameters for the receiver geometry lie in the same interval as that given by optimization results
with the finally selected model.
10This is motivated by the fact that a reduction of Prec by 12 MWth (about 7.5 % of 150 MWth) might occur later
due to the definition of various aimpoints.
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Parameter Start Optimization Steps Result
value interval
from to
AR [m] 2.505 0 5.010 8 2.515
Field BR [-] 0.023 0.01 0.04 9 0.0287
parameters USTART [m] 24.68 17.96 29.62 9 19.40
FPACK[-] 1 0.6 1.2 9 1.053
receiver height ath [m] 220 180 280 5 215.48*
aperture area F app [m²] 254.5 200 400 5 206.45*
receiver tilt theta [°] 30 20 50 5 34.52*
Table 4.4: Parameters varied for the first optimization step of the tower plant at PSA including results.
The results marked with “*” are used in the second optimization step.
Cost parameter Value/formula Comment/reference
heliostat 120 €/reflective surface Schmitz [2007]
tower 410 k€· exp(ath/(91.7 m)) Schmitz [2007]
annuity 9.44 % Schmitz [2007]
land 2 €/m² land Pitz-Paal et al. [2005]
operation & 5.4 % of solar see text
maintenance investment per year
receiver 67854 €/m² see text
aperture area
Table 4.5: Cost parameters for cost model “10121” in HFLCAL.
the possible heliostats position in the south are restricted by field limits, so that no heliostat positions
with blocked view on the receiver are allowed. In order to avoid a restriction of the field optimization
by the number of heliostats in the two sides of the field, the maximum number of northern heliostats
is set to 8000 and the maximum number of southern heliostats to 2000.
The atmospheric extinction“model 1”from Leary and Hankins [1979] is used for both sites, although
the expected extinction for PSA is smaller (Hanrieder et al. [2012]). The standard model is used in
order to increase the comparability of the plants for the two sites.
The start values and ranges for the optimization are shown in Tab. 4.4 including the results
of the first optimization step for PSA. Start values and optimization intervals for the parameters
describing the field geometry (AR, BR, USTART, FPACK11) are calculated following section 4.2.2.1
from Richert [2010]. The start values and ranges for the height of the receiver center “ath”, the
aperture area “F app” and the receiver tilt angle “theta” and their optimization intervals are defined
based on various cost optimization runs with the above field parameters and nonrestrictive optimization
intervals. The number “Steps” defines the resolution for the genetic optimization and is entered similar
to the suggestions from the “HFLCAL input creation wizard”12.
The cost optimizations are performed with the parameters from Tab. 4.5. For the operation and
maintenance costs the estimations for Solar Tres from Price [2003] are transferred to the required
units13.
It is important to note that receiver aperture area specific receiver costs were used. Strongly varying
area specific receiver costs are found in the literature. Thus, different references were considered.
Calculating with power specific costs results in large apertures, because the additional material costs
are neglected. Therefore, no power specific costs are assumed although the power specific cost given
in the literature agree much better with each other (about 100 k€/kWth; for various receiver types,
see Price [2003], Pitz-Paal et al. [2005], and Giuliano et al. [2010]). The area specific costs vary
between 10 k€/m² and 68 k€/m². Under consideration of the ratio of the receiver costs to the
11As mentioned above, the heliostat positions are described with the option “slip planes”. Heliostats close to the tower
are positioned as close as possible to each other up to a given distance from the tower that is determined by FPACK.
For greater distances from the tower the heliostats are radially staggered and the distance between heliostats in one row
increases with the distance between the row and the tower. AR and BR are the axis intercept and the slope of the radial
distance between consecutive heliostat rows. USTART is the maximum allowed distance between heliostats within a
row. For further details see Schwarzbo¨zl [2009].
12This is an xls-file that is part of the HFLCAL software package.
13The assumed dollar course 0.763 €/$ (finanzen.net [2013]). The given annual operation and maintenance costs are
divided by the investments for the solar components of the plant.
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Figure 4.3: Geometry of the cavity receiver used for the analysis of the maximum fluxes.
complete solar investments and the power specific costs after test optimizations, 67854 €/m² are
selected14. The reached annual field efficiency for this preliminary result is 53.7 % and the heat costs
are 21.18 €/MWhth.
Aimpoint strategy
In order to avoid overheating of regions of the receiver surface and in order to allow for the optimal
receiver performance, the heliostats of a tower plant can be tracked towards different aimpoints in the
receiver region. In the first step of the optimization, only one aimpoint in the center of the aperture
was used as stated above. After this first step of the optimization procedure, the resulting flux density
on the receiver surface is investigated in SPRAY in order to determine whether or not an aimpoint
strategy is required for the investigated receiver.
Besides the geometry of the heliostats and their position, the tower and the aperture, also the
inner surface of the receiver has to be defined in SPRAY in order to take this decision. The heliostat
parameters from Tab. 4.2 and the results from Tab. 4.4 are used for this analysis. The assumed
receiver geometry is shown in Fig. 4.3. The depth of the cavity was calculated using the depth to
aperture ratio from Fritz et al. [2012] (9.2/m). The circular aperture is not shown. It is directed
towards the north and down and covers part of the shown hexagonal area. The circular aperture is
inscribed in this hexagonal area.
14In Ro¨ger [2007], 10 k€/m² are given for a tubular salt receiver. In Price [2003] only the total receiver costs are given.
To determine the area specific costs for this reference, the costs per MWth are calculated, using estimations for Solar
Tres. Then these power specific costs are multiplied with the ratio of the aperture of the original Heliotower receiver
(225 m² Fritz et al. [2012]) and its design point power (150 MWth Wieghardt et al. [2012]). This holds 67854 €/m².
Using the figure for the “Solar100” plant from Price [2003] the result is 25 k€/m².
In ORMAT [2004] the area specific costs are specified for various technologies and vary between 16 k€/m² for tubular
pressurized air receivers and 600°C maximum temperature and 38 k€/m² for all 1000°C receiver systems. Calculating
the area specific costs for the PS10 receiver with figures from Pitz-Paal et al. [2005] result in 35 k€/m².
Cost optimizations with the average of the two area specific costs derived from Price [2003] (46 k€/m²) were carried
out. The resulting receiver costs per MWth receiver design power and also the ratio of the receiver costs and the complete
solar investment (heliostats, tower, receiver, land) are low compared to values presented in Pitz-Paal et al. [2005] (for
saturated steam and solar salt) and Price [2003]. Optimization with 67854 €/m² leads to ratios of the receiver costs to
the solar investment costs and power specific costs that agree better to the literature.
Optimizing with 67854 €/m² and small possible receiver aperture sizes results in an annual average field efficiency of
52.6 % and heat costs of 21.13 €/MWhth. If the lower limit of the optimization range for the aperture area is 200 m²,
the annual field efficiency rises by 1.1 % while the heat cost only rise by 0.05 €/MWhth (0.2 %). Hence, 67854 €/m²
and the lower limit for the optimization range of 200 m² are used.
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Parameter Unit Value for PSA Value for Masdar
AR m 1.235 1.205
BR - 0.030 0.029
USTART m 20.04 17.96
FPACK - 1.040 1.048
annual field efficiency % 53.85 54.31
heat costs €/MWhth 21.13 26.28
Table 4.6: Result for the field parameters of the plants at PSA and in Masdar Institute from HFLCAL.
The raytracing is performed for the design point (21.3., solar noon) with the standard solar scan
and a DNI of 769 W/m². The DNI was chosen such that the receiver power Prec reaches its upper
limit of 115 % of the design power (limit as in Giuliano et al. [2010]; assuming 0.95 receiver thermal
efficiency). The heliostat field will not be used completely in situations with higher DNI or higher field
efficiency in order to avoid receiver overload. The resulting peak flux for this situation is 1122 kW/m²
and occurs on the backwall of the receiver. The upper walls in the east and the west both show
maximum fluxes around 700 kW/m². The maximum fluxes on the other walls are lower.
By some authors, 700 kW/m² is used as upper limit for current salt receivers in order to allow
the application of standard materials (e.g. Fritz et al. [2012]). However, it is assumed that the
material corresponding to the used receiver cost model withstands fluxes up to 1200 kW/m². This
limit corresponds to a study by Price [2003]. They estimate that the next technology generation of
commercial plants can work with flux limits of 1200 kW/m² and that later generations can handle
1400 kW/m² and 1600 kW/m². Furthermore, even flux levels below 700 kW/m² might be reached
for the exemplary plant without increasing the receiver costs by optimization of the cavities inner
geometry. Often the cavity is designed as a cone (e.g. Solhyco) which allows deeper cavities with less
material.
Based on this evaluation, one aimpoint in the center of the aperture is selected for the further
calculations. An important advantage of the calculation with only one aimpoint is also the higher
clearness of the results concerning circumsolar radiation. Including an aimpoint strategy in this study
would introduce further degrees of freedom to the analysis which would be a complication for the
interpretation.
Step 2: Final optimization for PSA and Masdar Institute
Finally, the combined optimization method with the cost parameters from Tab. 4.5 is applied to the
plant specified in tables 4.2, 4.3 and 4.4. Now the receiver geometry and its position are held constant
at the result values from the previous optimization step shown in Tab. 4.4. The tower height and
width (both relevant for shading) and the minimum distance between the tower and the first heliostat
are calculated for the found position of the receiver from the first optimization step using the formulas
from Richert [2010] as stated above. The start values for the other optimization parameters are taken
from Tab. 4.4 for both Masdar and PSA. The optimization results for PSA and Masdar are shown in
Tab. 4.6.
The resulting heliostat fields are presented in Fig. 4.4. As the heliostat fields are similar to each
other, the field for PSA is shown in the background behind the heliostat positions for Masdar Institute.
The field for PSA consists of 2574 heliostats, while the field for Masdar has 2803 heliostats. This is
due to the smaller available solar resource in Masdar15 which overcompensates the advantage of the
site due to the solar position.
4.2.2 Storage and operation strategy
As for the trough, a solar-driven operation strategy, a thermal storage and no fossil backup are assumed
and overload and minimal load dumping are considered.
No receiver operation is assumed if the thermal power transferred to the molten salt, Prec, is less
than 15.5 MWth. This figure is derived from the ratio of parasitics for pumping and tracking and the
design thermal receiver power for the molten salt towers from Pitz-Paal et al. [2005]. It corresponds
to 22 % of the turbine’s design thermal power.
15The annual sum of the experimental DNI for the exemplary year is 1789 kWh/m² for Masdar Institute and
2315 kWh/m² for PSA.
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Figure 4.4: Optimized heliostat fields for PSA and Masdar Institute. The field for PSA consists of
2574 heliostats, while the field for Masdar has 2803 heliostats.
The receiver efficiency is determined using the properties from Tab. 4.3, with the exception that
for the final calculation of the thermal power constant heat transfer fluid inlet and outlet temperatures
are assumed. The part load performance is hence described more accurately than in the optimization.
No piping losses are assumed for the towers.
As stated before, overload dumping also occurs in solar towers if the receiver load is too high. Thus,
three cases for overload dumping are investigated for the tower plants:
1. Overload dumping is not considered.
2. Dumping occurs if Prec exceeds the design power by more the 15 % Giuliano et al. [2010], but
an infinite storage capacity is assumed.
3. Dumping due to the limited receiver load from case two and due to a finite storage capacity is
considered. The maximum power that can be used by the power block is set to 71.1 MWth
16.
A storage with 853 MWth capacity (12 h) and 0.95 efficiency (as in Pitz-Paal et al. [2005]) is
assumed.
16This corresponds to 27 MWel assuming a power block efficiency of 38 % (as in Ortega et al. [2008]). The maximum
electrical turbine power is determined as the used receiver power (162 MWth) multiplied by the ratio of Gemasolar’s
maximum turbine power (20 MWel) and the receiver power of Gemasolar (120 MWth, both from Ortega et al. [2008]).
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The ambient temperature for the calculation of the receiver losses is set to 18°C for both sites. As
for the trough, other meteorological parameters are treated as constants indirectly, e.g. within the the
thermal efficiencies and the heliostat availability.
4.3 Sunshape specification for raytracing
As stated above, both the DNI and the sunshape are provided as time series for the raytracing eval-
uation. The source of the solar energy is thus specified giving the total available irradiance for the
raytracing (entered as DNI) and the angular distribution of the solar radiance in the sky (entered as
the sunshape and the solar position for the timestamp).
Due to the calculation times for the raytracing that will be performed later (about 15 seconds for
one time and one sunshape), the time resolution of the DNI and sunshape data was reduced to 10
minutes as described in section 3.6.1. Further details of the specification of the sunshape and the DNI
are discussed in the following.
4.3.1 Specification of the energy source with matched DNI and sunshape
data
The input DNI for the raytracing is distributed over the solar and circumsolar region corresponding
to the given sunshape. Hence, the specified DNI has to correspond to the given sunshape. Typically,
experimental DNI data measured with a pyrheliometer is used for raytracing calculations independent
of the provided sunshape data. For example, the specified sunshape can be one of the six profiles
presented in Neumann et al. [2002]. These sunshapes are only specified up to an outer boundary
angle, αout, of 1.72°. If these sunshapes are used together with the experimental DNI (FOV 2.5°
for the CHP1), the circumsolar radiation is not treated correctly in the raytracing in SPRAY. The
raytracing software will calculate with the assumption that the complete experimental DNI comes from
the angular region of 1.72° around the sun’s center.
As explained in section 2.6.5, pyrheliometers do not accept the complete solar radiation up to a
given angular distance from the sun. Instead, their angular acceptance is described with a penumbra
function and only part of the radiation is accepted in the angular region between the slope and the limit
angle. Due to this partial acceptance, the DNI that corresponds to a sunshape is usually not identical
to the experimental DNI. The described discrepancy of the DNI and the sunshape specification can be
approximately solved by specifying the sunshape up to the field of view of the pyrheliometer. However,
then another problem remains if the CSP concentrator also collects part of the radiation that comes
from angles that are greater than 2.5°. This is the case e.g. for line-focusing collectors.
Rabl and Bendt [1982] briefly discussed this matched specification of DNI and sunshapes as sum-
marized in section 2.7.2. Their goal was to determine intercept factors that can be applied to the
experimental DNI obtained with an Eppley NIP pyrheliometer (see Eq. 2.34). For the calculation
of the plant yield in SPRAY with measured sunshapes, a different approach is used that allows the
self-consistent specification of DNI and sunshape data and directly returns the correct intercepted
power under consideration of radiation coming from angles outside the pyrheliometer’s FOV. The DNI
for a given outer boundary angle DNI(αout) is calculated and used in the raytracing. DNI(αout)
can be derived from the experimental DNI, the experimental CSR and the CSR for the selected outer
boundary angle αout:
DNI(αout) = DNIexp · (1− CSRexp)/(1− CSR(αout)). (4.10)
The correction expressed by this formula is small if the CSR is small. If we work for example with
experimental DNI from a K&Z CHP1 pyrheliometer, the Winter/Sizmann/Vant-Hull sunshape (Eq.
2.18) and an outer angle of 7° we obtain DNI(7◦) = 1.001 ·DNIexp. The same example with αout = 1◦
results in DNI(1◦) = 0.9997·DNIexp. However, the correction plays a role for raytracings with broader
sunshapes and an adequate maximum angle αout has to be selected, as shown in the following example.
4.3.2 Selection of the outer angular limit of the sunshape
The selection of the outer boundary angle for the matched specification of the sunshape and the DNI
influences the raytracing in two ways. A too small outer limit angle combined with the corresponding
DNI(αout) will result in a too low intercepted power as radiation coming from angles greater than
αout is simply neglected.
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Figure 4.5: DNI(αout), DNIexp from a K&Z CHP1, CSR and intercepted power for one EuroTrough
module determined for various outer boundary angles αout.
On the other hand, many data points have to be provided for large outer boundary angles (e.g.
30°) to reach an acceptable angular resolution. In the common SPRAY version, the maximum number
of angles for which the radiance can be given is 60. Therefore, the outer limit angle should not be
too high. For this study, a modified version of SPRAY was used that can process sunshapes with 999
sampling points in order to avoid effects of the resolution17. It also has to be considered that the
SFERA sunshape measurements are not available for angles greater than 7° without extrapolation of
the data. For the sunshapes from Neumann et al. [2002] the outer limit angle is 30 mrad (1.72°) and
for the SSS and the LBL measurements it is 3.2°.
If the resolution of the sunshape is an issue, the smallest αout that will deliver accurate results
should be determined. The smallest outer boundary angle depends on the plant geometry. As high
resolution sunshapes can be used with the modified version of SPRAY, it only has to be assured that
7° is a sufficiently high outer boundary angle. This has been tested for the EuroTrough.
Raytracing calculations with varying outer boundary angles αout were performed for one module
of the above described EuroTrough system and an exemplary case with an incidence angle of 4°. Here,
the tracking errors are set to 0 mrad, so that the geometry used in the calculations is always identical.
Several sunshapes with the same shape but different outer boundary angles αout were created with
Buie’s model from Eq. 2.19. The variable CSR in equations 2.20 and 2.21 was set to 0.4. The CSR
of these sunshapes is shown as a function of αout in Fig. 4.5. The experimental DNI and the DNI for
different outer boundary angles calculated with Eq. 4.10 are also shown in the graph. With increasing
outer boundary angle both CSR(4.65 mrad, αout) and DNI(αout) increase
18.
The experimental DNI was used with the different sunshapes in SPRAY and the intercepted power,
Pinter(DNIexp), was determined. Pinter(DNIexp) falls with increasing outer boundary angle. This
is understandable, as then rays with increasing angular deviation from the optical axis are generated
that rarely reach the absorber. The example illustrates the above described error committed when
calculating with inconsistent DNI and sunshape data.
Instead of Pinter(DNIexp), Pinter(DNI(αout)) has to be used. It can be calculated
19 as
Pinter(DNI(αout)) = Pinter(DNIexp) ·DNI(αout)/DNIexp. (4.11)
Pinter(DNI(αout)) increases with the outer boundary angle and approaches a constant. The change
of the intercepted power between 7° and 15° is less than 0.15 % of Pinter(DNI(7◦)).
17The modified version of SPRAY was provided by Reiner Buck, DLR, Institute of Solar Research (Buck [2013]).
Working with 999 angles is of advantage although the SFERA system only delivers the radiance at 323 angles, because
the numerical integration in SPRAY assumes a linear relation between the radiance and the angle.
18With the implemented integration method and 1000 angles resolution the result deviates slightly from 0.4
(CSR(4.65 mrad, 3.2◦) = 0.397). The small deviation can be explained by the integration method.
19Calculating with DNI(αout) in SPRAY also results in Pinter(DNI(αout)).
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CSRs above 0.4 are typically connected to low DNIs and do not have to be investigated in detail
here. Hence, 7° is a sufficiently high outer boundary angle for the sunshapes. The SFERA sunshapes
do not have to be extrapolated for the raytracing calculations for the EuroTrough. The required outer
boundary angle for point-focusing systems such as the presented tower plants is assumed to be much
smaller than for the EuroTrough. Hence, no similar calculations for the tower are presented.
The resulting error when calculating with the experimental DNI and the selected Buie sunshape
with a CSR of 0.4 and an outer boundary angle of 3.2° is quite high. In the example for the EuroTrough,
the intercepted energy is underestimated by 2.9 % compared to the result with the matched DNI and
sunshape specification and 7° outer angle.
The correction from the experimental DNI to DNI(7◦) is remarkable. The annual sum of DNIexp
for the exemplary PSA dataset is 2315 kWh/m², while the sum for an outer limit angle of 7° is
2.8 % higher (2380 kWh/m²). The annual sum of the experimental DNI for the Masdar dataset is
1789 kWh/m² which is 4.2 % less than the sum for DNI(7◦) (1867 kWh/m²). Most of the radiation
coming from angular distances between 2.5° and 7° is not intercepted by the investigated plants. Hence,
it is safe to say that the annual plant yield will be affected much less by the selection of 7° as outer
limit angle than the DNI. However, the high deviations of the annual sums of the DNI show that the
matched specification of the DNI and the sunshape is essential for raytracing calculations.
4.4 Results from the raytracing analyses
As stated above, raytracing calculations were performed for one year with the presented four plants
and four different sunshape datasets each. In three of four cases, constant standard sunshapes are
used (SSS, DLRMean and the disk sunshape from Eq. 2.18). The fourth case uses gap-filled sunshape
measurements in 10 min resolution from section 3.6.1 for PSA and Masdar, respectively. The DNI
time series corresponding to these two sunshape time series are applied for the standard sunshapes,
too.
The measured sunshape time series are processed with an outer boundary angle of 7° and DNI(7◦).
The standard sunshapes are processed with the experimental DNI. The angular resolution and the outer
boundary angles for the two average sunshapes are used as given in the literature20. This is considered
as the common practice for their application. The correction to DNI(3.2◦) and DNI(1.72◦) for the
standard sunshapes would be negligible or zero in the case of the disk sunshape21. The disk sunshape
is specified with 267 angles up to 0.2666°. These angles are the same as for the measured sunshapes
that are entered to SPRAY with 999 angles for the disk and the aureole.
The results of the raytracing are presented in the following structure. First, exemplary results for
the trough and tower plants are shown in 10 min temporal resolution in order to explain the common
deviations between the calculations with different sunshapes. Then, information on the annual plant
yield and the annual course of the effect is shown. Later, the relation between the intercept factor and
circumsolar radiation is discussed.
As stated above, the result from this study should be the answer to the question “How accurate are
yield calculations for the exemplary plants if a standard sunshape or experimental performance data is
used instead of a site specific sunshape time series?”. As the raytracing with the measured sunshapes
is the most realistic of the four input datasets, this case is used as a reference in the following.
4.4.1 Exemplary results for the plants
Exemplary results for the EuroTrough
The instantaneous effect for the trough is illustrated in Fig. 4.6 that shows six relevant parameters as
a function of the time. The upper diagram shows CSR(7◦) on the left y axis and the experimental
DNI on the right y axis. A day with low aerosol optical depth and cirrus cloud passages was selected
(May 7, 2012). Two horizontal lines show the CSR of the used average sunshapes after extrapolation
to the limit angle of 7°. The indices “var”, “SSS” and “DLRMean” identify the sunshape dataset (“var”
stands for the time series with varying sunshapes)22. Before noon, the measured CSR, CSRvar(7
◦), is
nearly always below the two standard CSRs, while higher CSRs than the standards were measured in
20The SSS is given in Rabl and Bendt [1982] with 56 points up to 3.2°. DLRMean is published in Neumann et al.
[2002] with 50 points up to 30 mrad (about 1.72°).
21The outer limit angle of the SSS is similar to the FOV of a pyrheliometer, its CSR is relatively small and hence
DNI(3.2◦) is only 0.017 % greater than the experimental DNI. For DLRMean DNI(1.72◦) is 0.006 % greater than the
experimental DNI.
22CSRSSS(0.2665
◦, 7◦) = 0.054; CSRDLRMean(0.2665◦, 7◦) = 0.087
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the afternoon. DNIexp reaches more the 900 W/m² around noon and falls during the cloud passage.
It is interesting to note that DNIexp stays above 600 W/m² between 12:30 and 16:30 although the
CSR exceeds 0.2.
The second graph from the top shows the resulting intercept factors for the four sunshape time
series on the left axis (again, the index identifies the sunshape). The intercept factors deviate strongly
from each other corresponding to the variation of the sunshape in the measured time series. For the
three standard sunshapes, the typical variation of the intercept factor with the incidence angle is found,
but hardly visible in the plot. The corresponding “M-shaped” daily course has a very small amplitude
compared to the variation of the intercept factor for the measured sunshape. This is also true in winter
when higher incidence angles occur23.
The intercept factor for the disk sunshape is higher than all other intercept factors and close to one
(0.996). The intercept factor for the SSS is lower than that for DLRMean. This might be surprising
at the first glance as the CSR of DLRMean is higher than that of the SSS. It can be explained by the
used outer limit angles (3.2° for the SSS, 1.72° for DLRMean; see also the discussion of Fig. 4.5).
The measured data was processed with DNI(7◦), while the other three cases used DNIexp. Because
of that, the intercept factors refer to different angular extensions of the incoming solar power and
cannot be used directly to compare the plant performance for the four different sunshape inputs. Only
the comparison between the three standard sunshapes is possible. The comparison to the varying
sunshapes will make use of the determined received power.
The power transferred to the heat transfer fluid Prec,var as calculated with the measured varying
sunshapes is shown on the right y axis. It is the power without any overload dumping (all collectors
are assumed to be tracked), but after underload dumping. Prec,var serves as an orientation for the
interpretation of the lower graph.
The lower graph shows the difference Prec,std−Prec,var between the received thermal power for the
standard sunshapes and that for the varying sunshapes on the left ordinate. The results obtained with
one of the three standard sunshapes are marked as “std”. Again, these powers are calculated without
considering any overload dumping. On the right y axis, the relative deviation ∆rel,SSS−var of Prec,SSS
from and relative to Prec,var is shown. ∆rel,SSS−var relates the instantaneous effect of circumsolar
radiation to the current plant power.
The deviation Prec,SSS − Prec,var for the SSS is always below the deviation for DLRMean. This
corresponds to the found intercept factors that were discussed above. Calculating with the disk sun-
shape results in permanent overestimation of the received power. For very low CSR (< 0.01) nearly
no deviation is found.
The exemplary results for the other two standard sunshapes can be divided into three different
cases:
1. Clear periods with measured CSRs below the CSRs of the two average sunshapes result in
negative differences of Prec,std − Prec,var. This means that for such cases the received power is
underestimated if the standard sunshapes are used in the raytracing.
2. Overestimation is found for high measured CSRs above approximately 0.15 for both standard
sunshapes.
3. Small negative deviations Prec,SSS − Prec,var and Prec,DLRMean − Prec,var occur for measured
CSRs between CSRSSS and approx. 0.15 (e.g. for 16:00 in the example).
The explanation for the first two cases is obvious. To understand the third case, not only the CSR, but
also the outer limit angle, the used DNI and the shape of the radiance profiles have to be considered.
The smaller CSR and the smaller angular limit result in higher intercept factors for the SSS and
DLRMean compared to the reference case. On the other hand, DNI(7◦) was used for the varying
sunshapes and it is greater than DNIexp that was used for the SSS and DLRMean. This correction
overcompensates the reduction of the smaller intercept factor. For some days with high aerosol optical
depth the upper limit for the CSR is lower than 0.15, which was found for this example. This can
be explained by the influence of the aureole profile’s shape. The intercept factors for two sunshapes
with the same CSR and different aureole shapes can be different. The overestimation for ∆rel,SSS−var
reaches 3 % while the underestimation is limited to -1 %.
Examples from Masdar can be understood in the same way and are therefore not presented.
23In winter the intercept factor falls to about 0.95 at solar noon for SSS and DLRMean and to 0.97 for the disk
sunshape.
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Exemplary results for the tower plants
In Fig. 4.7 the results for the tower and the same day at PSA are presented in the same way as for the
trough in Fig. 4.6. The upper graph is identical in both figures. The intercept factors for the standard
sunshapes and the clear sky period show a noticeable dependence on the solar position as expected
for the tower design. However, the change of the intercept factor due to the sunshape is still much
higher than the diurnal variation. The variation of the intercept factor with the sunshape is higher
than for the trough. This indicates that less circumsolar radiation is used by the towers compared to
the troughs as already expected from the previous results summarized in section 2.7.3. It can also be
seen that the intercept factor of the tower is in general lower than that for the trough. In the example
for the tower, the intercept factor reaches 0.915 for the SSS and solar noon instead of about 0.985 for
the trough. The lower intercept factor is a result of the large distances between some heliostats and
the tower. Heliostats close to the tower reach an intercept factor close to 1.
Here, the SSS results in slightly higher intercept factors than DLRMean. This shows that the
radiation coming from angles between 1.72° and 3.2° is less important for the tower than for the
trough.
The results for the deviations of the received power (Prec,std − Prec,var) can be understood in the
same way as those for the trough. The deviations of Prec,std − Prec,var belong nearly completely to
the first two cases from the above list for the EuroTrough. The third case appears also, but only for
CSR that are much closer to the CSR of the SSS/DLRMean. Instead of the CSR limit for case three
of about 0.15, approximately 0.09 is found for the tower.
The overestimation reaches noticeably higher values than the underestimation and is more pro-
nounced than the overestimation found for the trough.
4.4.2 Effect on the annual plant yield
Results for the EuroTrough plants
The raytracing results were also used to calculate the annual sum of the heat that is provided to the
power block. This annual sum for a standard sunshape is denoted as QPB,std, while the result with
the measured data is QPB,var. The deviation of the annual sums for the standard sunshapes from the
results for the measured sunshapes and the EuroTrough plants at PSA can be seen in Fig. 4.8.
The upper two diagrams show the absolute deviation between QPB,std and QPB,var. On the left
hand side, the results after the overload dumping are shown. On the right, the results before the
overload dumping are presented. Absolute deviations are shown to allow easier conversion to the
financial effect by the interested reader. The lower two graphs show results before and after the
overload dumping as relative deviations of the sums for the standard sunshapes from the sum for the
measurements. In this way the results for the measured sunshape time series serve as a reference for
the following comparison.
After overload dumping, the annual yield is underestimated if the SSS is used for the raytracing
(-0.4 %). The yield is slightly underestimated if DLRMean is used (-0.2 %). Calculating with the disk
sunshape results in 0.5 % overestimation.
In the results before the overload dumping, the underestimation for the SSS and DLRMean is more
pronounced. The underestimation for the SSS is noticeable with -0.7 %. DLRMean results in -0.3 %
underestimation. About 0.5 % overestimation are found for the disk sunshape (0.04 % more than after
the overload dumping).
The changes due to dumping are not high but remarkable when compared to the overall effect
of circumsolar radiation for this first example. The way in which dumping affects the found relative
deviations was already explained in section 4.1.2 and can be understood as follows. Dumping mainly
occurs on long days with high DNIs, and high DNIs are more often connected to low CSRs. In
particular, also lower CSRs than the CSR of DLRMean and the SSS are common when dumping
occurs. Hence, the intercept factors and the daily yield before overload dumping are higher for the
calculation with the measured sunshapes compared to the SSS and DLRMean. However, this only
means that more energy is dumped for the measured sunshapes compared to the SSS and DLRMean.
The daily sum after the overload dumping will thus be the same for all three sunshape inputs. Hence,
the underestimation is less pronounced after the dumping.
Calculating with the disk sunshape results in the highest intercept factors and the highest dumping
compared to the other three sunshape inputs. As the CSR for the measured sunshapes is very low on
days with dumping, only a small decrease of the overestimation can be found due to overload dumping.
The deviations for SSS and DLRMean are quite small as expected from the comparison of the
average sunshape for PSA with these average sunshapes. However, it should be mentioned that even
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Figure 4.8: Annual effect for the EuroTrough plant at PSA: Relative and absolute deviation of the
annual sum of the heat that is provided to the power block determined with standard sunshapes from
the sum obtained with the measured sunshapes. Results before and after overload dumping are shown.
a calculation with the weighted average sunshape for the used sunshape time series from Fig. 3.21
would not necessarily result in the same annual yield as the calculation with the time series itself. One
reason for this is that the average sunshapes were calculated independently of the daily variation of
the plant’s efficiency.
The sensitivity to changes of the lower limit of DNIeff for plant operation was also tested with the
results for PSA. Increasing the limit for operation of DNIeff from 150 W/m² to 250 W/m² decreases
the relative deviations (QPB,std−QPB,var)/QPB,var by 0.05 % to 0.07 % in all six cases (three standard
sunshapes; before and after overload dumping). The small decrease reflects the higher probability for
high CSRs for low DNIs. Correspondingly, reducing the limit for DNIeff to 100 W/m² increases the
relative deviations slightly (< 0.03 % for all six cases). The changes with the set limit are low and
thus no results for other limits for operation are shown.
The results for Masdar are shown in Fig. 4.9 in the same way as before for PSA. The deviations
after the overload dumping are as follows. Nearly no overestimation is found for the SSS while an
overestimation of approx. 0.4 % is found for DLRMean. Calculating with the disk sunshape results
in 1.1 % overestimation. Before the overload dumping, the relative deviation for the disk sunshape is
0.04 % higher, while the deviations for the two average sunshapes fall by 0.05 %.
The logic to understand these results is the same as for PSA. Overload dumping changes the
deviations less for Masdar than at PSA. This is basically due to the lower seasonal changes of the
irradiance.
The results show that more losses due to circumsolar radiation occur for the exemplary dataset
from Masdar compared to PSA. The results will be discussed in more detail at the end of this chapter.
Effect on the annual yield for the tower plants
The annual results for the tower at PSA are shown in Fig. 4.10. As for the troughs, the results are
shown after and before overload dumping. Here, two steps for overload dumping were considered as
presented in section 4.2.2. Thus, also the results after the dumping due to the receiver power limit but
before the dumping due to the finite storage capacity are shown (plots in the middle).
Approximately 0.7 % overestimation of QPB are found after dumping for the SSS. The deviation
for DLRMean is 0.5 %. Dumping due to the limited size of the storage has no strong influence. The
dumping due to the receiver limitations already confines the generated heat to a certain level. Before
any overload dumping we see -0.3 % underestimation for the SSS and approx. -0.8 % underestimation
for DLRMean.
The deviations between the SSS and DLRMean can be explained using only the CSR (as in cases
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Figure 4.9: Annual effect for the EuroTrough plant in Masdar (explanation see Fig. 4.8).
Figure 4.10: Annual effect for the tower plant at PSA: Relative and absolute deviation of the annual
sum of the heat that is provided to the power block determined with standard sunshapes from the
sum obtained with the measured sunshapes. Results are shown before overload dumping (right), after
overload dumping due to the receiver limitations (middle) and after the complete overload dumping
(left).
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Figure 4.11: Annual effect for the tower plant in Masdar (explanation see Fig. 4.10).
one and two from section 4.4.1), without further consideration of the outer limit angles due to the low
response to radiation coming from angles greater than 1.72° and 3.2°.
Working with the disk sunshape results in overestimation of 1.6 %. Overload dumping does not
influence the result strongly for the disk sunshape (1.9 % overestimation before overload dumping).
The selected limit for underload dumping was varied for PSA in order to check its influence.
Calculating with 10 MWth or 25 MWth instead of 15.5 MWth as a limit for underload dumping leads
to negligible changes of the relative deviations (< 0.06 %).
The annual results for the tower in Masdar are shown in Fig. 4.11. The overestimation determined
for the disk sunshape and Masdar is 3.9 % after the dumping and 4.1 % before the dumping. Overesti-
mation of 2.1 % percent is found for Masdar and the SSS after the dumping. This value decreases only
slightly to approx. 1.9 % if no overload dumping occurs. For DLRMean the overestimation is lower
but still remarkable (1.3 % before and 1.7 % after the overload dumping). Such high deviations of the
results with standard sunshapes have to be considered for CSP plant projects, especially for sites with
high aerosol load.
The found deviations for the disk sunshape and the tower are in the same order of magnitude
as results presented for two towers by Grether et al. [1977c] (see section 2.7.3). There, the monthly
relative losses due to circumsolar radiation were between 1 % and 5 % and with site specific averages
of 2 % to 3.6 % for a cavity receiver (similar to 1.9 % and 4.1 % for the annual overestimation here).
For the cylindrical receiver investigated there, the monthly losses were between 1.2 % and 3.2 % with
averages of 1.2 % to 2.2 %. A more detailed comparison of the annual results is not included in this
thesis because the plant design used here is different from that in the literature and because the used
sunshape data was not the same.
4.4.3 Annual course of the effect
Annual course of the effect for the EuroTrough
The annual course of the effect of circumsolar radiation on the EuroTrough plants is discussed using
figures 4.12 and 4.13.
Figure 4.12 presents results for PSA. It shows the daily sums of the heat that is provided to the
power block calculated with the measured sunshapes QPB,day,var as a function of the day of the year.
Overload dumping is already considered. We see that more energy is collected in summer. The daily
yield before overload dumping for the measured sunshapes is also shown as QPB,day,var+Qdump,day,var
with the daily overload dumping Qdump,day,var. Dumping only occurs from April till September.
The absolute deviation of the result obtained with the SSS from the reference case (QPB,day,SSS −
QPB,day,var) is also depicted (both after dumping). The same deviation is also shown for DLRMean
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Figure 4.12: Annual course of the effect of circumsolar radiation on the EuroTrough for PSA. The
following variables are shown as a function of the day of the year: daily sums of the heat that is
provided to the power block calculated with the measured sunshapes QPB,day,var; daily yield before
overload dumping for the measured sunshapes; absolute deviation of the result obtained with the
standard sunshapes from the reference case including 31 day moving averages.
and for the disk sunshape.
The absolute deviations of the daily yield from the reference change systematically during the
year. This can be seen best when looking at the 31 days moving averages instead of the daily data
points. The deviations for SSS and DLRMean have a similar shape, but with a different level of the
deviations. DLRMean is above the moving average for the SSS. The moving average for the disk
sunshape is higher and always positive. In winter, about 20 MWhth underestimation are often found
for the SSS and DLRMean and nearly no positive deviations occur. In summer, the deviations for the
SSS and DLRMean are scattered nearly symmetrically around zero. The moving average in summer
is hence close to zero. This means that calculations with the standard sunshapes slightly overestimate
the seasonal variation of the plant output.
Figure 4.13 shows the annual course of the trough plant yield and the deviation from the reference
raytracing results for Masdar. We see a low seasonal variation of the daily plant yield. Less overload
dumping occurs than at PSA. Negative deviations occur for the SSS in winter and spring while positive
deviations of similar absolute amount occur in summer. This corresponds to the nearly trivial deviation
of the annual sum for the SSS. The course of the deviations for DLRMean is similar but shifted towards
overestimation.
Overestimation of up to 30 MWh is found for some days for DLRMean while the underestimation
reaches -15 MWh. For the standard solar scan the deviations are confined to the symmetric interval
between -25 MWh and +25 MWh.
Annual course of the effect for the tower plant
The annual course of the effect for the towers is shown in figures 4.14 and 4.15. Some overload dumping
occurs throughout the complete year for both sites. From November till middle February, the overload
dumping is small for PSA. In contrast to the situation for the EuroTrough at PSA, significant dumping
occurs also in the second half of February and in October. This is due to the receiver limitation for
the tower.
The moving averages for the SSS and DLRMean for PSA in Fig. 4.14 are nearly always positive
(overestimation). Overestimation reaches 80 MWhth, while the underestimation is confined to approx.
-15 MWhth. A trend towards overestimation in summer can be found while the moving averages are
close to zero in winter.
Calculating with the disk sunshape always results in overestimation of the daily yield. This also
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Figure 4.13: Annual course of the effect of circumsolar radiation on the EuroTrough for Masdar (further
explanation see Fig. 4.12 and text).
Figure 4.14: Annual course of the effect of circumsolar radiation on the tower plant for PSA (further
explanation see Fig. 4.12 and text).
122 CHAPTER 4. EFFECT OF CIRCUMSOLAR RADIATION ON CSP
Figure 4.15: Annual course of the effect of circumsolar radiation on the tower plant for Masdar (further
explanation see Fig. 4.12 and text).
holds for the disk sunshape in Masdar.
In Masdar, the 31 day moving average is nearly always positive, too. A clear overestimation in
summer and nearly no deviation in winter can be seen for the two average sunshapes. The range of
the daily deviations for the SSS and DLRMean is similar to that for PSA (-20 MWhth to 70 MWhth).
While the sunshape decreases the seasonal variation of the heat generation for PSA, it increases
the variation for Masdar.
4.4.4 Effect of circumsolar radiation on the intercept factor
In the following, the relation between the intercept factor and the CSR or the circumsolar contribution
is discussed for the four investigated plants. The discussion is of interest for simple yield analysis
calculations that do not involve time consuming raytracings or analytical optical calculations as the
Bendt/Rabl method. If the dependence of the intercept factor on circumsolar radiation could be
described with one or a few parameters, circumsolar radiation could be included in such yield analysis
calculations.
The following discussion is also of relevance for the measurement of circumsolar radiation. If one
or more parameters can be found that allow the simple calculation of the plant performance, these
parameters should be measured in addition to the sunshape.
The complete development of a parameterization of the intercept factor is not the topic of this
work. However, possible parameters are discussed due to the connection to the measurement methods
for circumsolar radiation.
Intercept factors for the EuroTrough plants
Figure 4.16 presents the intercept factor as calculated from the raytracing as a function of the CSR(7◦).
The frequency of the results for CSR and intercept factor bins is represented by the color. On the left,
the results from PSA are shown; on the right the results from Masdar.
The graphs for both sites show various similarities. The intercept factor falls with the CSR. Two
densely populated lines are found with different slopes. The different gradients in these branches can
be connected to typical gradients of the circumsolar radiance. The aureole radiance for clouds falls
typically steeper than for aerosols so that more circumsolar irradiance comes from the region close to
the solar disk. The circumsolar radiation that comes from angles close to the disk can be reflected
to the receiver. Hence, a steeper falling intercept factor is expected for aerosols than for clouds. The
upper line corresponds to sunshapes measured during the presence of clouds and the sunshapes that
were filled in the gaps using Buie’s sunshape model. The upper branch is more populated for Masdar
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Figure 4.16: Intercept factor ηinter(7
◦) as a function of the CSR(7◦) for the EuroTrough plants at PSA
(left) and Masdar (right). The color bar shows the absolute frequency of the corresponding interval.
Figure 4.17: Intercept factor ηinter(7
◦) as a function of the circumsolar contribution with 7° outer angle
and two different inner angles for the EuroTrough plant at PSA. The color bar shows the absolute
frequency of the corresponding interval.
than at PSA although higher aerosol loads occur in Masdar. This is an artificial effect and due to the
fact that more sunshapes were derived for Masdar with the gap-filling method.
The intercept factor ηinter(7
◦) is much more sensitive to CSR(7◦) changes from 0 to 0.6 than to
changes of the incidence angle within the interval -20° to +60°. Restriction to incidence angles between
-10° and 10° leaves most of the discussed characteristics unchanged. The two branches still appear.
For such low incidence angles, high CSRs occur less often and the spread of the intercept factors found
for CSR close to zero at PSA disappears. For incidence angles with absolute amount between 50° and
60° no separation in two branches is found. The intercept factors are scattered rather homogeneously
in the region defined by the two branches in Fig. 4.16. The values of the upper branch are not reached
for high incidence angles. This is due to the increased effective optical error for such high incidence
angles.
One difference between the shapes of the results for PSA and Masdar in Fig. 4.16 is that the spread
of the intercepts for CSRs close to zero at PSA is higher than for Masdar. This can basically be related
to the lower incidence angles that occur at PSA and the fact that very low CSR are less frequent at
Masdar.
No clear functional dependence was found between the CSR and the intercept factor for an outer
boundary angle of 7°. The occurrence of two lines with different slopes in Fig. 4.16 means that
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Figure 4.18: Experimental intercept factor as a function of the CSR for the EuroTrough plant at PSA.
The color bar shows the absolute frequency of the corresponding interval.
CSR(7◦) is not the characteristic scalar value to describe the intercept factor ηinter(7◦). One reason
for this finding is that the trough intercepts a greater portion of the circumsolar radiation coming from
the angular region up to 1° than of radiation coming from angles between 1° and 7°.
Figure 4.17 (left) shows the intercept factor ηinter(7
◦) as a function of the circumsolar contribution
∆relCS(1
◦, 7◦). The circumsolar contribution describes ηinter(7◦) much better than the CSR. Note
that ηinter(7
◦) is calculated with the same sunshapes and only the values on the x axis change in
Fig. 4.17 relative to Fig. 4.16. Some scatter still remains around a straight line. This scatter is
partially caused by the influence of the incidence angle on the intercept factor. The scatter is similar
for ∆relCS(0.64
◦, 7◦) (Fig. 4.17, right)24. For greater inner values such as 1.7° and 2.5° also one line
is found, but the scatter increases compared the results for 1° inner angle.
∆relCS(1
◦, 7◦) might be a good parameter for simple calculations of the EuroTrough’s optical
performance. However, it is only correlated well with the intercept factor ηinter(7
◦) that is related to
the DNI up to an angle of 7° and not to the experimental DNI. Hence, this parameter can only be used
if DNI(7◦) is known. DNI(7◦) can be calculated from the experimental DNI and the sunshape. Also
an additional measurement of DNI(7◦) could be possible.
Often, the sunshape and DNI(7◦) are not available. Then, the direct application of DNIexp is of
interest and hence correlations with the experimental intercept factor have to be derived (see also Eq.
2.34). The experimental intercept factor is defined as:
ηinter,exp = ηinter(7°) · DNI(7°)
DNIexp
. (4.12)
Here the DNI measured with K&Z CHP1 or CH1 pyrheliometers is used.
The correlation of ∆relCS(1
◦, 7◦) with ηinter,exp is better than the correlation between CSR(7◦)
and ηinter(7
◦), but much worse than the relations found in Fig. 4.17.
In order to increase the comparability of the results to previous studies, CSR(3.2◦) is used in
the following. Figure 4.18 presents ηinter,exp as a function of CSR(3.2
◦). The deviation from the
results for an outer boundary angle of 7° (see Fig. 4.16) is strong. Only one branch with scattered
values towards lower intercept factors is found. The product of ηinter(7
◦) and DNI(7◦) in Eq. 4.12
avoids the problematic influence of radiation coming from the outer part of the aureole that nearly
completely misses the absorber. The decrease of the intercept factor due to this circumsolar radiation
is compensated by the rising DNI. Plotting ηinter,exp against CSR(7
◦) only causes a small change
of the point cloud’s shape. The better correlation of ηinter,exp with CSR(3.2
◦) leaves the findings
concerning the required outer limit angle and the DNI specification for the raytracing from section
4.3.2 untouched.
The bulk of the remaining scatter in Fig. 4.18 comes from the influence of the incidence angle.
Figure 4.19 shows the experimental intercept factor as a function of the CSR(3.2◦) for two different
intervals of the incidence angle. On the left, cases with nearly normal incidence are shown, on the
24The FOV of the Cimel sun photometer is 0.64°.
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Figure 4.19: Experimental intercept factor as a function of the CSR for the EuroTrough plant at PSA.
Two different intervals of incidence angles were used. The color bar shows the absolute frequency of
the corresponding interval.
right incidence angles with absolute amount between 30° and 40° can be seen. A nearly linear relation
is found. The intercept factor falls steeper for higher incidence angles. This can be explained by the
increasing path of the rays from the mirror to the absorber. The size of a light spot on the absorber
caused by a reflected beam with a certain divergence angle increases with increasing distance between
the mirror and the absorber. In other words, the projected image of the sun on the absorber increases
with the incidence angle (see also Bendt et al. [1979]).
Some scatter even remains for the selected incidence angle intervals, especially for the higher in-
cidence angles. One possible reason for this scatter might be the different acceptance of circumsolar
radiation coming from angles close to the disk compared to radiation coming from more than 1° away
from the sun’s center. Hence, also the circumsolar contributions for these incidence angle intervals are
analyzed. While the scatter increases for low incidence angles compared to the situation for the CSR
(figures 4.20 and 4.21, left), less scatter is found for high incidence angles (right). This corresponds to
the increasing size of the projected image of the sun on the absorber with the incidence angle.
A parameterization of the intercept factor ηinter(7
◦) with ∆relCS(1◦, 7◦) is promising for the de-
scription of the effect of circumsolar radiation on the EuroTrough. It could be used if DNI(7◦) is
known. The best parameterization of the EuroTrough’s experimental intercept factor that could be
derived from the presented results would use the CSR for low incidence angles (Fig. 4.19, left) and
the circumsolar contribution for higher incidence angles (Fig. 4.20, right). Parameterizations based
on the CSR or the circumsolar contribution alone are also possible solutions.
Intercept factors for the tower plants
The presentation of the results for the tower are structured in the same way as before for the troughs.
The intercept factors for the tower plants are shown as a function of the CSR in Fig. 4.22 for an
outer boundary angle of 7°. As for the trough, the outer shape of the scatter plots for both sites are
similar, but the density distribution is different. Two branches can be seen again, but for the tower
both branches are much closer to each other. In particular, the upper branch is noticeably steeper
than for the trough. This corresponds to the higher sensitivity to circumsolar radiation that was found
already in the examples from figures 4.6 and 4.7.
The spread of the intercept for CSRs close to zero for PSA is higher than for the trough. Such a
spread does not occur for Masdar due to the different solar positions and as only a few CSRs below
0.02 are found.
Figure 4.23 (left) shows ηinter(7
◦) plotted versus ∆relCS(0.64◦, 7◦). On the right the same diagram
is shown for ∆relCS(1
◦, 7◦). Again only one branch occurs. For inner boundary angles of 1.7° and
higher the spread increases noticeably. This increase of the spread is much more pronounced than in
the case of the EuroTrough. The scatter for ∆relCS(0.64
◦, 7◦) is the lowest of the results from Fig.
4.22 and Fig. 4.23.
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Figure 4.20: Experimental intercept factor as a function of the circumsolar contribution from 0.64° to
3.2° for the EuroTrough plant at PSA. Two different intervals of incidence angles were used. The color
bar shows the absolute frequency of the corresponding interval.
Figure 4.21: Experimental intercept factor as a function of the circumsolar contribution from 1° to 3.2°
for the EuroTrough plant at PSA. Two different intervals of incidence angles were used. The color bar
shows the absolute frequency of the corresponding interval.
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Figure 4.22: Intercept factor as a function of the CSR for the tower plants at PSA (left) and Masdar
(right). The color bar shows the absolute frequency of the corresponding interval.
Figure 4.23: Intercept factor as a function of the circumsolar contribution with 7° outer angle and two
different inner angles for the tower plant at PSA. The color bar shows the absolute frequency of the
corresponding interval.
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Figure 4.24: Experimental intercept factor as a function of the CSR for the tower plant at PSA. On the
left results for all solar positions are shown, on the right only results around solar noon are depicted.
The color bar shows the absolute frequency of the corresponding interval.
Figure 4.25: Experimental intercept factor as a function of the circumsolar contribution with 3.2° outer
angle and two different inner angles for the tower plant at PSA. The color bar shows the absolute
frequency of the corresponding interval.
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Figure 4.26: Experimental intercept factor as a function of the circumsolar contribution with 3.2° outer
angle and two different inner angles for the tower plant at PSA. Only results around solar noon are
depicted. The color bar shows the absolute frequency of the corresponding interval.
Also correlations for the experimental intercept factor are investigated. Figure 4.24 (left) compares
the experimental intercept factor with the CSR for all solar positions. On the right the comparison is
shown for solar azimuth angles between 150° and 210° north and elevation angles above 45°. As for
the trough, the bulk of the scatter of the intercept factor in Fig. 4.24 (left) comes from the influence
of the solar position. However, some scatter remains for also for the selected solar positions.
Figure 4.25 shows ηinter,exp as a function of the circumsolar contribution for inner angles of 0.64°
(left) and 1° (right). Results for all solar positions are shown. The scatter for ∆relCS(0.64◦, 3.2◦) is
reduced compared to the scatter for the CSR. For 1° inner angle the scatter is increased. In Fig. 4.26
the same comparison between the circumsolar contribution and ηinter,exp is presented for the same
selected solar positions that were shown also for the CSR. For 1° inner angle the scatter is similar to
that for the CSR in Fig. 4.24 (right). For 0.64° less scatter than for the CSR is found.
The presented comparisons of the intercept factor show that ∆relCS(0.64
◦, 7◦) could be used for
the simple description of the effect of circumsolar radiation on the investigated tower plant if DNI(7◦)
is known. If DNI(7◦) is not known, the tower plant performance could be described with the ex-
perimental intercept factor derived from the CSR or the circumsolar contribution. In particular,
∆relCS(0.64
◦, 3.2◦) is a good measure for the experimental intercept factor.
Comparison of the intercept factors to previous studies
The found range of the reduction of the intercept factor is compared to results for similar CSP plants
in the literature. The outer boundary angles used in the literature have to be considered for the
comparison. Hence, the comparison makes use of the experimental intercept factors and CSR(3.2◦)
(Fig. 4.19 (left) for the trough and Fig. 4.24 (right) for the tower)25.
Three values for the absolute reduction of the intercept factor of parabolic troughs were presented in
section 2.7.3. With results from Bendt et al. [1979] and Rabl and Bendt [1982], an intercept reduction
of about 0.045 was found for a trough similar to the EuroTrough when the CSR is increased from 0 to
0.3. This absolute reduction is within the range of the results from 4.19 (left). In the figure reductions
within 0.025 and 0.05 are found for CSR(3.2◦) = 0.3.
For CSR(1.72◦) = 0.4 the experimental intercept factor is reduced more than by 0.02 as stated in
Chapman and Arias [2009]. The reductions in Fig. 4.19 (left) for CSR(3.2◦) = 0.4 are within 0.03
and 0.06. Also own calculations with the Gaussian distributed optical errors from Chapman and Arias
[2009] and the same sunshape (“DLR40” from Neumann et al. [2002]) for zero incidence angle result in
a higher reduction of the intercept factor (0.045).
25In Bendt et al. [1979] ηinter(3.2
◦) is used, Rabl and Bendt [1982] used ηinter,exp for the Eppley NIP and Chapman
and Arias [2009] used ηinter(1.72
◦). The deviation from the experimental intercept factor is small enough to allow this
rough comparison.
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The reduction of the intercept factor of the tower plant with a cavity receiver reported by Grether
et al. [1977c] is close to the examples from Fig. 4.24 (right). The reported intercept factor for a CSR
of 0.4 was 0.75 instead of 0.99 for a CSR close to zero (see section 2.7.3). In Fig. 4.24 (right), the
intercept was reduced by up to 0.23 for CSRs of 0.4. The corresponding reduction stated by Grether
et al. [1977c] for a tower with a cylindrical receiver was from 0.99 to 0.85. This is within the range of
reductions found in this study.
The reductions of the intercept factor for the SSPS tower presented by Lemperle [1982] lie within
the interval of reductions found here (0.06 reduction for CSR = 0.16; 0.12 for CSR = 0.24). For an
exact comparison, a raytracing has to be performed with the individually used plant design. Such a
detailed comparison is not included in this work.
From the rough comparison, it can be said that the reduction of the intercept factor with the CSR
presented here are within the expected range from the literature.
4.5 Conclusion and summary of the raytracing study
The effect of circumsolar radiation on CSP was analyzed for four exemplary plants with two years of
sunshape time series. The raytracing method and the selection of the plants were discussed in detail.
The matched specification of the DNI and the sunshape is essential for accurate raytracing. Calcu-
lations with small outer boundary angles of the sunshape (1.72° and 3.2°) and the experimental DNI
cause errors in the intercepted power for high CSR (e.g. 0.4) and collectors that also use circumsolar
radiation coming from greater angular distances from the sun. In an example for the EuroTrough
and a Buie sunshape with a CSR of 0.4, the intercepted power was underestimated by 2.9 % when
calculating with a sunshape up to the outer boundary angle 3.2° and DNIexp. Using 7° as outer limit
angle for both the DNI and the sunshape is found to be acceptable for the EuroTrough and the tower
plants.
The raytracing showed that noticeable errors occur when calculating with so-called standard sun-
shapes instead of site specific time series of sunshapes. This holds for the received power at a given
time, the daily collected heat and also for the annual yield.
Calculating with disk sunshapes leads to remarkable overestimation for both sites and both tech-
nologies. While for the investigated towers 1.6 % (PSA) and 3.9 % (Masdar Institute) overestimation
were found, the overestimation for the troughs were approx. 0.5 % for PSA and 1.1 % for Masdar.
Annual yield calculations for the tower at Masdar with average sunshapes result in 1.7 % (for
DLRMean) to 2.1 % (SSS) overestimation when considering overload dumping. The annual effect
of circumsolar radiation on the tower at PSA depends noticeably on overload dumping. Before the
overload dumping, the annual heat obtained with the SSS is close to that for the reference. With
DLRMean an underestimation of -0.8 % is found if no overload dumping is considered. After the
overload dumping, overestimation of 0.7 % (SSS) and 0.5 % (DLRMean) is found. This illustrates that
dumping is important for the analysis of the effect of circumsolar radiation on CSP.
Annual yield calculations for the EuroTrough plants with DLRMean or the SSS are closer to the
results obtained with the exemplary sunshape time series than in the case of the tower. For Masdar
the SSS results nearly in the same annual yield as the sunshape measurements, while DLRMean causes
an overestimation of about 0.4 %. The found deviations for the EuroTrough at PSA determined
with standard sunshapes are confined to underestimation of -0.4 % after dumping and -0.7 % before
dumping. Dumping and the overall heat generation might be underestimated for clear sites. This
shows that sunshape measurements are not only of interest for sites where high levels of circumsolar
radiation are expected, but also for sites where low levels might be common. The maximum error
for calculations with the SSS or DLRMean and very clear conditions can be estimated based on the
deviations between results with these standard sunshapes and results for the disk sunshape. The yield
of the exemplary tower plant for clear sites might be underestimated by up to -2.8 % when calculating
with DLRMean (before overload dumping).
The smaller deviations due to circumsolar radiation for PSA correspond to the expectations, as
the used average sunshapes were also similar to the average sunshape of the sunshape time series from
the SFERA system. As the sunshape DLRMean was calculated using measurements from Cologne,
Odeillo and also PSA, DLRMean is partially PSA specific.
Circumsolar radiation also affects the annual course of the daily plant yield. The seasonal variation
for PSA is reduced for the exemplary sunshape dataset, while the seasonal variation is increased for
Masdar.
It seems probable that this is a general trend for the annual course at the two investigated sites.
However, it has to be pointed out again that only two exemplary years of data were processed. As
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stated in the last chapter, interannual variability of the sunshape is not studied in this thesis. The
presented deviations of the annual yield might change for other exemplary years for the same sites.
In particular the errors obtained with average sunshapes for Masdar illustrate the need for site
specific sunshape data for CSP projects. The corresponding effect on the financial benefit motivates
the application of site specific sunshape data. This conclusion also involves the comparison of the found
deviations for standard sunshapes to the uncertainties of other parameters of the yield model. Such a
comparison allows project developers to distribute their available resources adequately corresponding
to the possible reduction or increase of the overall uncertainty of the plant yield and the related costs.
For example, Ho et al. [2011] estimated the absolute uncertainty of both the receiver absorptance and
the heliostat cleanliness as 2 %. The overestimation for the tower at Masdar with the SSS was 2.1 %.
The absolute uncertainty of the heliostat availability is estimated as 0.5 % in Ho et al. [2011]. This is
similar to deviations found with standard sunshapes and the trough.
The errors found due to circumsolar radiation should not be compared with the uncertainty of
satellite derived annual DNI sums or the interannual variability of the annual DNI sum directly. The
uncertainty of single satellite derived annual DNI sums is about 5 % to 15 % and highly site dependent
(see e.g. Sˇu´ri and Cebecauer [2011], Meyer et al. [2008]). The interannual variability of the annual
DNI sum is also site dependent, with COV of approx. 4 % to 14 %, (Lohmann et al. [2006], Gueymard
and Wilcox [2011])26. Of course these two parameters influence the overall uncertainty of the predicted
sum of the experimental DNI during the lifetime of the plant (e.g. 20 years). However, this overall
uncertainty is much lower than the given percentages because of the averaging over the lifetime and
the combination of satellite data with further modeled data and ground measurements. According to
Sˇu´ri and Cebecauer [2011] this resulting overall uncertainty of the long term DNI sum can reach 2 to
3.5 % which is close to the error due to circumsolar radiation for the tower plant in Masdar and the
SSS (2.1 %). Interannual variability of circumsolar radiation has not been investigated, but it seems
reasonable that e.g. a site with high aerosol load always has higher levels of circumsolar radiation
than those represented by the SSS. Hence, the effect of circumsolar radiation is not expected to cancel
out throughout the lifetime of a power plant, but is assumed to be a systematic error. Therefore,
circumsolar radiation data is even valuable for the project development if the found error compared to
evaluations with the SSS or DLRMean is smaller than e.g. the uncertainty of the long term average
experimental DNI.
The found deviations of the annual yield, the influence on the annual course of the daily yield
and also the connection between dumping and the sunshape data show that the sunshape has to be
considered for accurate CSP modeling. This affects not only raytracing calculations, but also the plant
design and its optimization.
As raytracing calculations are time consuming, simple models with look-up tables or parameter-
izations are often used for the yield analysis. Hence, also possible parameters for the description
of the effect of circumsolar radiation on the exemplary plants were analyzed. If the sunshape or
DNI(7◦) is known, the circumsolar contributions ∆relCS(0.64◦, 7◦) and ∆relCS(1◦, 7◦) are recom-
mendable parameters for the description of ηinter(7
◦) in such simple models. If DNI(7◦) is not known,
the experimental intercept factor, ηinter,exp, must be used. The circumsolar contribution and the
CSR are promising parameters for the parameterization of the experimental intercept factor. For the
tower, ∆relCS(0.64
◦, 3.2◦) performs better than the CSR. For the EuroTrough and low incidence an-
gles, the CSR describes ηinter,exp better than the circumsolar contribution. For low incidence angles,
∆relCS(0.64
◦, 3.2◦) is more appropriate for the trough.
The comparison of these parameters with the intercept factor showed that the sensitivity of the
exemplary plants to circumsolar radiation depends on the solar position. For a given solar position, a
nearly linear relation between the intercept factor and the CSR or the circumsolar contribution was
found.
The existing relations between the intercept factor and the circumsolar contribution or the CSR
are important for the measurement of circumsolar radiation and in particular for the following chapter
on simple measurement techniques for circumsolar radiation. However, the correlation of the intercept
factor with the CSR or the circumsolar contribution is not perfect. Raytracing with a measured
sunshape yields more accurate results than a parameterization of the intercept factor. A compromise
between accuracy and effort has to be found when selecting the method to include circumsolar radiation
in the individual yield analysis.
26The COV was calculated as standard deviation of annual sums divided by the long term average. Gueymard and
Wilcox [2011] discuss mostly modeled data from 239 sites in the US and 30 years. Lohmann et al. [2006] present modeled
data for 18 years and 12 exemplary sites.
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Chapter 5
Alternative circumsolar radiation
measurement methods
As a first step to overcome the complication of missing sunshape data, the SFERA sunshape measure-
ment system has been developed and used at a small number of sites. The raytracing study based
on these results presented in the previous chapter showed that site specific sunshape data is required
for accurate plant yield analysis. The SFERA measurement system can provide such data. However,
the SFERA system has some restrictions for the application for resource assessment. The cost of the
instrument, the connection to the AERONET and especially the required maintenance and infras-
tructure exclude it from the application at remote sites. An air conditioned room next to the SAM is
required for the control computer. Daily cleaning and frequent instrument control by trained personnel
are necessary for the operation. Also the calibration of the SAM instrument and the post-processing
is time consuming. Hence, less demanding methods for the measurement of circumsolar radiation are
of interest for common solar resource assessment.
Two examples of such alternative methods are presented in the following. One system makes use
of a pair of pyrheliometers with different opening angles. This method has been used already by
other groups as summarized in section 2.4. In this thesis, the validation of such a system and the
determination of sunshapes or CSRs from its measurements are discussed for the first time.
The second method uses an unmodified Rotating Shadowband Irradiometer (RSI). The irradiance
measurement during the rotation of the shadowband is analyzed in software in order to determine the
circumsolar radiation.
In the best case, such alternative measurement systems should directly determine the complete
sunshape which is required for raytracing calculations. However, also the CSR or the circumsolar
contribution of a certain angular region around the sun can be a sufficient information for the yield
analysis. This was an important result from the analysis of the intercept factors that was presented in
the previous section. It was found that the intercept factor correlates quite well with the CSR and the
circumsolar contribution. Hence, the focus of this chapter is basically to develop and test the capability
of the two alternative measurement systems to determine the CSR or the circumsolar contribution.
Other alternative methods such as the satellite based approach from Reinhardt et al. [2012, 2013] and
Reinhardt [2013] are not discussed here.
It should be mentioned that it is also possible to create radiance profiles that have the measured CSR
or circumsolar contribution with models, e.g. with the Buie sunshapes. Therefore, the presented mea-
surements can also provide the input for raytracing calculations. However, the accuracy of a raytracing
calculation with such a modeled sunshape will not be better than the result of a parameterization.
In a previous study from Lemperle [1982], also the application of a pyrheliometer with a modified
opening angle that is similar to the plants acceptance angle is suggested as an alternative to sun-
shape measurements. Such an approach is not followed here for three reasons. First, the acceptance
angle is plant specific and hence the resource assessment would already be plant specific, too. Sec-
ond, such an approach is only an approximation even for one specific plant. The sensitivity of CSP
plants to circumsolar radiation varies with the solar position for all plants except of parabolic dishes.
Third, deviation from the WMO recommendation for the geometry of pyrheliometers brings along a
complication when comparing the data from these measurements to other data. This holds also for
comparisons to modeled data as models are usually validated and partially also calibrated with the
experimental DNI. Hence, I strongly recommend including common DNI measurements that refer to
the recommended field of view in all measurement stations. Such measurements can be collected for
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example with pyrheliometers or RSIs, which are validated with common pyrheliometers. Circumsolar
radiation measurements as presented in this thesis should be carried out in addition to the common
DNI measurement1.
5.1 Circumsolar radiation from pyrheliometers with different
penumbra functions
One of the alternative sunshape measurement methods makes use of a pair of pyrheliometers with
different penumbra functions. By comparison of the measurements of the two pyrheliometers, the
experimental circumsolar contribution from the region defined by the two penumbra functions can be
determined. The system was tested and verified using the SFERA measurements.
A measurement system using two different penumbra functions cannot be used to determine the
solar radiance profile or the CSR directly. The CSR cannot be measured directly due to tracking
errors and the variation of the solar disk angle over the year. For the determination of the CSR further
processing is required.
In the following, a prototype of such a measurement system (Fig. 5.1) including its calibration
and the modeling of the CSR is described and measurements are compared to data from the reference
instrument. The tested instrument was designed by Black Photon Instruments (BPI) and provided for
the experiments. In this thesis, the data acquisition and evaluation was developed and one penumbra
function was adjusted.
5.1.1 Description of the BPI CSR460 sensor
The BPI CSR460 sensor consists of two semiconductor pyrheliometers with different penumbra func-
tions. Both pyrheliometers use silicon detectors that are identical in construction. They include
precision resistors of 100 Ω (± 0.1 %) for transforming the measured photocurrent into voltage signals.
Three types of collimators can be attached to the sensor enclosures. The first one corresponds to an
opening angle of ± 2.638° (slope angle ± 2.512°, limit angle ± 2.764°).
The second type results in an opening angle of approx. ± 1.634° (slope angle ± 1.508° limit angle
± 1.759°). A third collimator has been constructed in the framework of this thesis using hardware
provided by BPI. It has an even smaller opening angle of ± 0.704° (slope angle ± 0.578°, limit angle
± 0.830°). In Fig. 5.1 the sensors with slope angles of 1.5° and 2.5° can be seen. In the following, the
rounded slope angles are used to identify the different collimators. The given technical information
on the sensor is taken or calculated from BlackPhoton [2011] and own measurements of the collimator
geometry.
5.1.2 Calibration of the BPI CSR460 sensor
The calibration of the sensor pair has to ensure that the relative deviation between the signals of the
two sensors is only due to circumsolar radiation and not caused by the calibration constants themselves.
Only a relative calibration is required. Since the CSR460 makes use of Si-sensors, the broadband DNI
cannot be measured directly with them and a thermal pyrheliometer should be used in addition to the
sensors anyway. Hence, the absolute DNI does not have to be measured by the CSR460 and we can
focus on the behavior of the two pyrheliometers relative to each other.
If the Si-sensors are used with the collimators that are attached for the CSR measurements, the
calibration uncertainty is affected by circumsolar radiation due to the different angular acceptance.
Therefore, the two Si-sensors are calibrated with identical collimators. This requires a separate cali-
bration period during which no information on circumsolar radiation can be obtained.
The calibration was performed in November 2011 till December 2011 with two 2.5° collimators.
Three weeks of data were evaluated. Although circumsolar radiation cannot cause negative effects for
this calibration method, some restrictions on the atmospheric conditions are set to identify measure-
ments that are not used for the calibration. Unstable atmospheric conditions can lead to deviations
between the two pyrheliometer voltages as they were measured approximately 50 ms after each other.
This is a restriction of the used Campbell Scientific CR1000 data logger, for differential voltage mea-
surements and 20 ms integration time. Unstable periods are identified using the experimental DNI
and the Linke turbidity (calculated following Appendix A from Ineichen and Perez [2002]). Only
measurements with Linke turbidity below 3 and DNIexp > 200 W/m² are considered. Furthermore,
1Part of the presented results are also published in Wilbert et al. [2010, 2012a,b, 2013a,c], Wilbert [2011, 2013].
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Figure 5.1: The BPI circumsolar irradiance sensor CSR460 mounted on a K&Z 2AP solar tracker with
sun sensor at PSA. The black collimators resulting in slope angles of 1.5° and 2.5° can be seen on the
left hand side.
also measurements with changes of the Linke turbidity by more than 0.0035 per minute are excluded.
One minute averages are used for the calibration to avoid the effect of atmospheric turbulences and
instrumental noise.
The median of the voltage ratios Uw/Us of the accepted measurements and the standard deviation
were calculated. Uw is the voltage from the Si-sensor that was used with a wider slope angle after the
calibration. Us comes from the Si-sensor that was used later with a smaller slope angle. Ratios Uw/Us
that deviate by more than one standard deviation from the median were interpreted as outliers and
excluded. The average of all remaining ratios Uw/Us is the calibration factor, cw/s. The result for the
investigated sensor pair is cw/s = 1.007 (standard deviation σ = 0.010). The used ratios, cw/s and
the standard deviation before removing the outliers are shown in Fig. 5.2. The ratios are plotted as
a function of the airmass, AM . A clear dependence of the ratios on the AM would show a deviating
spectral response of the two Si-sensors. Compared to the spread of the ratios, such a deviation is
negligible.
The relative deviation ∆relCSBP between the two pyrheliometers with different collimators can be
calculated with the found calibration constant cw/s as:
∆relCSBP = (Uw − Us · cw/s)/Uw. (5.1)
∆relCSBP is the experimental circumsolar contribution. Since the collimators have similar slope and
limit angles, ∆relCSBP is a good approximation for ∆relCS(0.7
◦, 2.6◦).
5.1.3 CSR determination with the BPI CSR460 sensor
For the calculation of the CSR the relative deviation ∆relCSBP of the signals from both parts of the
sensor pair is calculated using Eq. 5.1. Negative relative deviations that occur due to sensor noise and
calibration inaccuracies are set to zero.
Then these relative deviations have to be transformed to CSRs. The method developed for these
transformations uses the results shown in figures 5.3 and 5.4. The geometrical penumbra functions of
the BPI pyrheliometers are plotted in Fig. 5.3. For comparison to concentrating collectors, also the
acceptance functions of an ideal parabolic dish similar to the EuroDish and of an ideal EuroTrough
are shown. Furthermore, the penumbra functions of the Eppley NIP and the K&Z CHP1 are depicted.
Standard sunshapes from Buie’s model (Buie et al. [2003b]) are used with these penumbra func-
tions and Eq. 2.24 to calculate the theoretically expected relative deviation ∆relCSBP between the
experimental DNIs of the two sensors caused only by the different penumbra functions. This is exe-
cuted for various CSRs between 0 and 1 and the corresponding Buie sunshapes. As stated above, the
expected relative deviation ∆relCSBP is similar to the circumsolar contribution with the inner and
outer boundary angles defined by the opening angles of the two collimators.
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Figure 5.2: Result of the relative calibration method for the BPI sensor pair. The color bar shows the
day of the calibration period (1 is 12:00 UTC of 23/11/2011).
Figure 5.3: Penumbra functions and angular acceptance functions for different irradiance sensors and
concentrating collectors. The angles given for the BPI CSR460 are the slope angles corresponding to
the collimators.
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Figure 5.4: Theoretically expected relative deviation ∆relCSBP of the Si-sensors with slope angles 0.6°
and 1.5° from the sensor with a slope angle of 2.5° for different Buie sunshapes. The outer limit angle
for the CSR calculation is the limit angle of the widest collimator (2.764°).
In Fig. 5.4, the expected relative deviations ∆relCSBP of the thus determined DNIs for the
three collimators are plotted versus CSR(0.2665◦, 2.764◦). Figure 5.4 is used as look-up table for the
determination of the CSR, CSRBP , for the measured relative deviation, ∆relCSBP . Buie’s model can
be used for the thus obtained CSRBP to calculate the corresponding sunshape. This method for the
calculation of CSRBP is only an approximation. It cannot be correct for all occurring sunshapes as
the relation between the CSR and the sunshape is not bijective. It is only correct if the measured
sunshape can be described with Buie’s model. This restriction will be discussed in the next section.
The collimators with 0.6° and 2.5° slope angles are used for the following comparison of the mea-
surements. This has two advantages compared to the other possible combinations of the collimators.
First, the signal to noise ratio that can be reached is maximal for this combination. The signal is the
relative deviation from Fig. 5.4. The second reason for selecting 0.6° as inner boundary angle is the
better correlation of the experimental intercept factor with the circumsolar contribution with inner
boundary angle 0.64° compared to 1.5° as inner angle. The change of the outer boundary angle from
3.2° as in section 4.4.4 to about 2.5° has a negligible influence on the quality of the found correlation
to the experimental intercept factor.
5.1.4 Results and accuracy of the BPI CSR460 sensor
In order to evaluate the performance of the BPI CSR460 sensor pair, its measurements are compared to
the co-located reference from the SFERA sunshape measurement system. Approximately two months
of parallel measurements with the 0.6° and 2.5° collimators were evaluated.
For this comparison several preparations are necessary. The temporal resolution of the BPI data
is 1 second compared to the sampling rate of 1/min for the reference system. Also, one measurement
with the reference system requires an acquisition time of 5 s because six images from each camera
with different exposure times are used for every radiance profile. To allow the comparison, the BPI
voltages are averaged over the time interval in which the reference measurement was taken. The
other measurements of the BPI sensor are discarded for the comparison. Furthermore, only data with
DNIexp > 150 W/m² are used.
The first step of the comparison makes use of the relative deviation ∆relCSref,exp that is calculated
from the broadband sunshapes measured with the SFERA system and the penumbra functions of the
two Si-pyrheliometers.
Figure 5.5 shows the comparison based on the complete evaluated dataset (April 23, 2012 – June
30, 2012). The relative deviation ∆relCSref,exp from the reference system is shown on the x axis, while
the y axis shows the results of the BPI sensor. The color bar represents the number of measurements
in the two dimensional bins.
138 CHAPTER 5. OTHER MEASUREMENT METHODS
Figure 5.5: Relative deviation derived from the BPI sensor plotted versus the expected relative devi-
ation determined from the SFERA measurement. The color bar shows the absolute frequency of the
measurements. The vertical grid lines indicate different intervals of ∆relCSref,exp for which the aver-
age, the standard deviation and the RMS of the difference ∆relCSBP −∆relCSref,exp are calculated.
The average of the differences plus the central value of the corresponding reference interval is shown
with a cross. The error bars show the RMSD and the standard deviation.
The relative deviations agree well with each other. To show this quantitatively, the dataset was
divided into bins of the reference values ∆relCSref,exp of size 0.05, as indicated by the vertical grid
lines. The average, the standard deviation and the RMS of the difference ∆relCSBP −∆relCSref,exp
are determined within each of the intervals for ∆relCSref,exp. The averages of the difference are then
added to the central values of the corresponding ∆relCSref,exp interval and shown as crosses. The
RMSD and the standard deviation are presented as error bars as indicated in the legend.
Only small overestimation is found. The averages correspond to the reference data within a range
of 0.007. The RMSDs in all bins increase with ∆relCSref,exp. For ∆relCSref,exp < 0.05 the RMSD
is 0.01 and for the other bins with ∆relCSref,exp < 0.25 it is below 0.03. The overestimation is well
below the uncertainty of the reference system and the RMSDs are close to its uncertainty (Fig. 3.13).
However, also errors of the BPI CSR460 contribute to the deviations. These errors are discussed in
the following.
One reason for the deviations between the BPI CSR460 and the SFERA system are tracking errors
of the BPI CSR460 sensor. As the pyrheliometers of the BPI sensor have different collimators and
as they are not aligned perfectly relative to each other, a given tracking error of the solar tracker
affects the two sensors differently. For nearly perfect relative alignment, tracking errors will lead to
an overestimation of ∆relCSBP with the BPI CSR460 system. A tracking error of the pyrheliometer
with the smaller aperture together with a perfectly tracked wide pyrheliometer will also lead to an
overestimation. The sensitivity to this constellation of tracking error and ideal tracking is higher than
in the following case. If the pyrheliometer with the smaller aperture is tracked perfectly and the
other pyrheliometer not, the relative deviation ∆relCSBP is underestimated. Thus, an overestimation
of the relative deviation by the BP sensor is more likely if we consider only tracking errors. This
corresponds to the fact that only positive averages of ∆relCSBP − ∆relCSref,exp were found in the
bins of ∆relCSref,exp in Fig. 5.5. However, the overestimation is small and also within the range of
the calibration uncertainty of the SFERA system.
Besides tracking errors, there are also other reasons for the deviation between the results of the
two measurement systems. The two output voltages of the Si-pyrheliometer pair are not measured
exactly at the same time. This effect is included in the standard deviation of the calibration factor
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(0.01). Even with the same collimators some deviations between the two pyrheliometers occurred (see
Fig. 5.2). Also, deviations of the clocks of the datalogger for the BPI sensor and the SAM control
computer of up to one second have to be considered. Furthermore, small manufacturing inaccuracies
of the apertures and the collimators have to be expected. All these influences are included in the
comparison.
Figure 5.5 can be used to estimate the uncertainty of the measured relative deviations. As the
deviations to the reference were within the uncertainty of the reference instrument, the uncertainty of
the BPI sensor for ∆relCSBP is estimated to be similar to that of the SFERA system.
We can conclude that the measurements of the relative deviation from the BPI sensor are close to
the reference obtained from the sunshapes and the penumbra functions. The intercomparison confirms
the reliability of both the BPI and the SFERA system.
In Fig. 5.6 the same graphical presentation as for ∆relCSBP and ∆relCSref,exp is used for the
comparison of the CSR. CSRref is the CSR(2.764°) from the SFERA system and CSRBP is the result
derived from the BPI sensor and the look-up table from Fig. 5.4. Here, noticeable deviations are
found. The standard deviations for this case are higher than in Fig. 5.5. Also the averages of the CSR
in the different CSRref bins deviate from the reference. For CSRref < 0.2 a clear overestimation is
found. For CSRref above 0.3 the overestimation decreases and turns into an underestimation. The
RMSDs are thus higher than the standard deviations.
The reason for these higher deviations has to be the quality of the transformation from relative
deviations to CSRs because the relative deviations agreed well. As stated above, the used algorithm
assumes that the sunshapes can be described by the Buie model. This is a restriction as the same CSR
can be caused by different sunshapes.
The overestimation of CSRBP is most pronounced for CSRref between 0.05 and 0.15. The over-
estimation means that the aureoles of the Buie sunshapes for CSR below 0.15 fall steeper than the
SFERA aureoles in most cases. This was noticed and discussed already in section 3.6.4.
A group of exceptionally high overestimation can be seen for CSRref between 0.04 and 0.1. The
bulk of the corresponding measurements was obtained on four days with high aerosol optical depth
(26/6/12 – 29/6/12). On these days the daily average of the (vertical column) aerosol optical depth for
500 nm was between 0.45 and 0.65, while the average for June 2012 was 0.25 and the annual average
for 2012 is 0.2. As aerosol scattering causes quite flat aureoles, the trend towards overestimation is
also more pronounced here.
The underestimation found for CSRref above 0.3 indicate that the Buie sunshapes are often flatter
than the SAM based measurements for these CSR levels. However, the underestimation of the CSR
relative to CSRref is much lower than the overestimation for CSRref < 0.2. Such high CSR are often
connected to low DNI so that this deviation is also less important for CSP plants.
5.1.5 Conclusion for the BPI CSR460 measurements
Two methods for the determination of circumsolar irradiance and the CSR have been presented and
compared. Circumsolar irradiance was measured as the relative deviation between two pyrheliome-
ters with different penumbra functions, ∆relCSBP , which is similar to the circumsolar contribution
∆relCS(0.7
◦, 2.6◦). The SFERA system was used to verify the less expensive and less maintenance
intense BPI system. The comparison shows good agreement of both methods and the uncertainty for
the BPI sensor’s measurement of ∆relCSBP is assumed to be similar to that of the SFERA system.
Furthermore, a method to derive the CSR and the sunshape from ∆relCSBP was implemented
and tested. The functionality of the approach could be shown, but higher deviations to the reference
CSR were found. These deviations are associated to the too steep aureoles of the Buie sunshapes.
When including further information on the gradient of the solar aureole radiance, the measurement
of the BPI instrument could deliver more accurate results for the CSR. Such information could come
from a third pyrheliometer with a wider or smaller penumbra function compared to the other two.
Also, information on clouds and aerosols could be included e.g. based on the DNI measurement (Linke
turbidity and its gradient). Such approaches to improve the CSR determination are not explored here.
It should be repeated that the relative deviations ∆relCSBP can be also be used for the optical
analysis of the plant performance (see section 4.4.4).
If the available maintenance and resources are not an issue and further interest in aerosol and cloud
properties or the spectral variation of beam irradiance or circumsolar irradiance exists, the SFERA
system should be selected for sunshape measurements. Depending on the available maintenance and
resources, the use of pyrheliometers with different penumbra functions is a recommendable alternative
to the SFERA system. Valuable information on circumsolar radiation can be obtained from the BPI
sensor and it is much less expensive and maintenance intense.
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Figure 5.6: CSR of the BPI sensor vs. the CSR from the SFERA system (explanation of color bar,
markers and error bars see Fig. 5.5).
The BPI instrument is not completely maintenance free neither. It is recommended to clean the
BPI CSR460 at least daily since different soiling levels for the two sensors can cause higher deviations
between the sensor signals than circumsolar radiation. A soiling mitigation system has been designed in
the meanwhile by BPI to reduce the required cleaning interval (Jaus [2013]). However, a solar tracker
and a pyrheliometer have to be available in addition to the BPI sensor for solar resource assessment
for CSP and daily cleaning is also recommended for pyrheliometers (Geuder and Quaschning [2006],
Pape et al. [2009]). The daily maintenance and the cost of solar trackers equipped with thermal
irradiance sensors are reasons why e.g. RSIs are often used for solar resource assessment. Hence, also
a measurement method for circumsolar radiation and RSI stations is of interest for the CSP industry.
Such a method is presented in the next section.
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5.2 Circumsolar radiation measurements with Rotating
Shadowband Irradiometers
Solar resource assessment for CSP projects often involves measurements at remote sites where even
simple maintenance as cleaning of the sensors cannot be provided daily. In such cases, the irradiance
is often measured with RSIs. In this section, a method to measure circumsolar radiation with RSIs is
discussed.
During the rotation of the shadowband, the irradiance signal of the pyranometer is logged with a
high frequency. In common RSIs this signal (the so-called burst) is analyzed in order to obtain the
DHI as described in section 2.6.4. An additional signal analysis was developed that determines the
circumsolar irradiance from the burst. The objective of this development was to collect information
on circumsolar radiation with an unmodified RSI without any influence on the common irradiance
measurements and the need to acquire additional instrumentation.
First, raytracing is used to determine the penumbra functions for a RSI and to study the effect of
different sunshapes on the burst. Then the additional burst analysis algorithm is formulated based on
the characteristic properties of the simulated bursts. The parameters of this algorithm are optimized
using nearly one year of sunshape data obtained with the SFERA sunshape measurement system at
PSA. A different available dataset is then used for the validation of the new algorithm.
5.2.1 Simulation of bursts
In order to understand the burst and its connection to circumsolar radiation in more detail, bursts
were simulated for several sunshapes. This simulation requires the penumbra functions for the RSI
for many shadowband positions during the rotation. A penumbra function for one position of the
shadowband is a function of the elevation and azimuth coordinates with respect to the sensor’s center.
The penumbra function assigns a scalar between 0 and 1 for each point in the sky. The value 1 for one
angle pair means that no radiation from this point in the sky reaches the sensor. The value 0 means
that the radiation from this point is completely detected and partial detection is indicated by values
between 1 and 0.
The geometric penumbra functions were determined for the geometry of a Solar Millennium/Reichert
RSP of the 4G series in Mu¨ller [2010]. The RSI uses a photodiode pyranometer with a flat diffusor
disk (LI-COR LI200, Licor [2004]). The diffusor disk’s upper surface represents the sensor surface for
the raytracing. In Mu¨ller [2010], the sensor response to light from a point in the sky was assumed to
be proportional to the fraction of the diffusor disk’s surface that is hit by light originating from the
given point in the sky.
The algorithm for the calculation of the geometrical penumbra function was extended for the
calculation of the effective penumbra function. To determine the effective penumbra function, the
sensitivity of the sensor has to be known for all points of the diffusor surface. The photodiode has
a small surface (≈ 1 mm²) and is placed about 3 millimeters below the center of the diffusor disk’s
inner surface. Thus, the sensor response to light rays hitting the outer part of the diffusor disk is less
than that to rays hitting the disk’s center. The spatial distribution of the pyranometers sensitivity
over the diffusor disk is estimated for the calculation of the effective penumbra function. The relative
sensitivity is assumed to be 1 in the inner circle around the diffusor with radius 2 mm. Between 2 mm
and the radius of the diffusor (4 mm), the sensitivity is assumed to decrease linearly with the radius to
0.3. The effective penumbra function is calculated as the sensitivity weighted fraction of the diffusor
disk’s surface that is hit by light.
The effective penumbra function for one position of the shadowband is shown in Fig. 5.7. The
shape of the shadowband as seen from the sensor can be recognized. One can also compare the diagram
with estimations of the FOV, the limit angle and the slope angle for the RSI. Such estimations can be
based on the width of the shadowband (corresponding to the diameter of a pyrheliometer’s entrance
aperture) and the radius of the diffusor disk. This results in 2.86° FOV, 4.6° limit angle and 1.1° slope
angle for the discussed RSP 4G and corresponds approximately to the narrowest part of the plotted
penumbra function.
Depending on the estimation of the spatial sensitivity of the photodiode, the penumbra function
decreases faster from 1 to 0, while the other characteristics of the penumbra function remain unchanged.
The estimated sensitivity can be used, because only qualitative conclusions are drawn at this point.
In the next step, many penumbra functions for different shadowband positions are combined with
sky radiance distributions. First, the expected measured irradiance signal is calculated for each of these
shadowband positions and one fixed sky radiance distribution, thus creating a simulated burst. The
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Figure 5.7: Effective penumbra function for a Solar Millennium/ Reichert RSP 4G and a shadowband
position of ωRS = 164°. The color bar shows the value of the penumbra function. Transparent
regions correspond to 0. ωRS is defined as the angle of rotation of the shadowband from its lowest
position towards the east. The cross marks the position of the sun that is assumed for the following
determination of the burst. The azimuth angle is measured from the south (0°) towards the east (90°).
resulting burst is normalized to one for shadowband positions below the horizon. The sky radiance is
normalized to one at the center of the sun. It is described by a Buie sunshape for angles close to the
sun. For angles for which the Buie model delivers relative radiances of less than 10−6 a constant sky
radiance of 10−6 is assumed. This corresponds approximately to the relative radiance for a dry and
clean atmosphere in the circumsolar region at 3° (Reinhardt et al. [2012]).
Then a different sky radiance distribution for the same solar position and a different sunshape is
processed. Thus, bursts are simulated for different sunshapes.
In Fig. 5.8 the central part of simulated bursts for various CSRs are plotted. The simulated bursts
are used to determine the required properties of the algorithm. The shoulder values and the irradiances
around them vary with the CSR. However, the bursts for different CSRs deviate much more from each
other in regions that are closer to the center of the sun than the shoulder values (i.e. between 159.5°
and 160° in the example). The deviations decrease when approaching the point of inflection (161°).
It can be seen that the point of inflection does not change with the CSR. This point can thus be
used as an orientation for the angular distance from the center of the sun. The central part of the
signal edges close to the inflection point is approximately linear and its slope depends also on the CSR.
The signal edges correspond to the moment in which the shadow of on side of the band moves over
the sensor. High deviations between the different simulated bursts can be found were the signal edges
leave a linear course.
The signal edges for high CSRs are flatter than for low CSRs. This can be explained by the less
abrupt decrease of the radiance at the edge of the solar disk.
In simulated bursts for other solar positions, the stated characteristics were found, too. The bursts
themselves change remarkably during the day. The position of its minimum changes with the solar
position corresponding to the required rotation time till the shadowband reaches the sun. The width
of the signal reduction wwell changes with the solar position as the shadow is the projection of the
band on the sensor plane. For the same reason, the width of the burst’s signal edge (the transition
between low irradiances and high irradiances in a burst) is not always the same. Wide wells are found
in the morning and in the evening.
The simulation results were compared qualitatively to measured bursts, and the shape of the burst
and its variation with the solar position was reproduced.
The results of this qualitative analysis are the basis for the definition of the algorithm. The
quantitative definition of the algorithm’s parameters makes use of experimental data. The measured
bursts include various effects that are only approximated in the simulation. One of these effects is
caused by the spatial variation of the sensor sensitivity on the diffusor disk. Also, sensor noise and a
non constant rotation velocity of the shadowband have to be considered. Furthermore, the effect of
real sky radiance distributions must be included for the exact formulation of the algorithm.
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Figure 5.8: Bursts for the solar position marked in Fig. 5.3 and six different sunshapes. The burst
and the shoulder values are named in the legend by CSR(0.2665◦, 3.2◦) of the used sunshape. Markers
show simulated points; they are connected to increase the readability.
5.2.2 Description of the algorithm
The curve analysis algorithm was formulated based on the above described characteristic proper-
ties of the bursts. Not only the CSR will be derived, but also the circumsolar contribution (e.g.
∆relCS(1
◦, 3.2◦)).
In the following, the algorithm will be described using an illustrated experimental example. Figure
5.9 shows the irradiance measurement of the well and its derivative δI as a function of the point number
in the well. The other shown parameters will be explained in detail in the following paragraphs. The
algorithm involves the definition and determination of four parameters. The optimization of these
parameters will be presented after the general presentation of the algorithm.
First, the blocked sky irradiance and the direct horizontal irradiance are derived from the burst.
Then the blocked circumsolar radiation for a specific shadowband position close to the sun is deter-
mined. From these irradiances the CSR and the circumsolar contributions are calculated.
Determination of the blocked sky irradiance and the direct horizontal irradiance
The first step of the algorithm is the determination of the blocked sky irradiance. The minimum of
the well Iwell,min is not the DHI, as the shadowband also blocks some diffuse radiation. The deviation
between the minimum of the well and the DHI is the blocked sky irradiance IBSky. IBSky refers to the
sky irradiance that does not come from the circumsolar region. The circumsolar region is set to have
an outer radius of 3.2° for the RSI algorithm explained here. It is assumed that IBSky can be found
Nsky times the well width wwell away from the minimum of the well. As stated above, the quantitative
selection of the algorithm’s parameters as e.g. Nsky will be presented in the following (section 5.2.3).
The well width is the distance between the minimum and the maximum of the burst’s gradient δI (see
Fig. 5.9). In order to reduce the signal to noise ratio of the blocked sky irradiance, a region of five
points of the burst around the found measurement points is selected and IBSky is calculated as the
average of these points2. Both sides of the burst are used and hence the average includes 10 irradiance
measurements. The difference GHI − IBSky is shown in Fig. 5.9.
Then, the direct horizontal irradiance, DirHI(3.2◦), can be calculated as
DirHI(3.2°) = GHI − Iwell,min − IBSky. (5.2)
Analogous to the definition of DNI(αout), all radiation coming from the region with up to 3.2° distance
from the center of the sun is included regardless of whether or not the photons were scattered.
2A fifth parameter for the number of used values instead of five is not defined and optimized as very low sensitivity
of the results to this choice was found.
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Determination of the blocked circumsolar irradiance
The irradiance at the points where the burst’s signal edges deviate from a linear course are used as an
indicator for the blocked circumsolar irradiance. In order to find the regions that indicate the blocked
circumsolar irradiance, the burst’s signal edges are approximated by linear functions. These linear
functions are determined as described in the following and shown in Fig. 5.9 as “left signal edge” and
“right signal edge”. The resolution of the burst is artificially increased by a factor 10 for this second
and last step of the curve analysis using linear interpolation between two adjacent data points. The
interpolation result is shown in Fig. 5.9 as the red solid line (“well high resolution”), while the measured
data points are shown as circles (“well”).
The two linear regressions of the burst’s signal edges as a function of the point number of the well
are based on irradiances between an upper and a lower boundary. The upper boundary for the left
signal edge is determined as
fedge · (Iwell,max,L − IBSky) (5.3)
with the maximum of the well irradiance on the left side of the well’s minimum Iwell,max,L
3. The lower
boundary is determined as
Iwell,min + Iwell,max,L − fedge · (Iwell,max,L − IBSky). (5.4)
The same procedure is applied to the right signal edge with the same fedge. The factor fedge has to
be defined such that only the central parts of the signal edges are used for the fits.
The intervals of well point numbers indicating the circumsolar irradiance are called left and right
“circumsolar intervals”in the following and are also shown in Fig. 5.9. The inner sides of the circumsolar
intervals are found at the most centric burst measurements for which the measured well irradiances are
below a specific upper boundary. This boundary is calculated for every point of the well as the fraction
fcircum,off of the value of the linear function that approximates the signal edge for the corresponding
measurement point. The factor fcircum,off is introduced in order to avoid the selection of a region
close to the minimum of the well if irradiances occur that are only below the linear fits of the signal
edges because of instrumental noise.
The outer sides of the circumsolar intervals are then defined by the parameter Ncircum. Taking only
a single value on each side of the well at the found positions leads to significant noise for the derived
circumsolar irradiances. Furthermore, the gradient of the aureole radiance is not always the same and
thus a single point might not be indicating the irradiance in the complete angular region. Therefore,
the value indicating the circumsolar irradiance is not read from one point but from Ncircum values of
the interpolated “highly resolved well” on each side. The averages of Ncircum values from the found
inner positions towards the outside of the burst for both sides are defined as the circumsolar indicator,
Cind(αin, 3.2
◦). Cind(αin, 3.2◦) is the GHI without the blocked sky radiance and without the blocked
circumsolar irradiance, BCirc(αin, 3.2
◦), from the region defined by the parameters fcircum,off and
fedge. The blocked circumsolar irradiance is calculated as
BCirc(αin, 3.2
◦) = GHI − Cind(αin, 3.2◦)− IBSky. (5.5)
Determination of the CSR and the circumsolar contribution
Then BCirc(αin, 3.2
◦) has to be increased such that it refers not only to the blocked circumsolar irradi-
ance, but to the total circumsolar irradiance in the specified ring shaped angular region. Furthermore,
this result must be related to DirHI(3.2◦) to derive the circumsolar contribution or the CSR. To fulfill
these two requirements, the partial circumsolar contribution is calculated as
∆relCSpart(αin, 3.2
◦) = BCirc(αin, 3.2◦)/DirHI(3.2°). (5.6)
Then ∆relCSpart is increased such that it refers to the total circumsolar irradiance in the specified an-
gular region. This transformation is represented by a linear function. The slope and the point of inter-
ception are determined from a comparison of ∆relCSpart and the reference value ∆relCSref (αin, 3.2
◦)
from the SFERA system. Two linear regressions are required.
First, a linear regression of ∆relCSref (αin, 3.2
◦) as a function of ∆relCSpart(αin, 3.2◦) is performed
for approximately half of the parallel RSI and SFERA measurements. Every second month of the
measurements with the SFERA system between April 2011 and December 2012 (both included) is
3Note that Iwell,max,L is not the GHI.
146 CHAPTER 5. OTHER MEASUREMENT METHODS
used. Only bursts measured during the image acquisition of the SAM (five seconds) are considered.
As the bulk of the measurements have a low CSR, this fit does not describe high ∆relCSref (αin, 3.2
◦)
correctly in some cases. Hence, the first regression can only be seen as a normalization and offset
correction.
A second linear regression is performed using the averages of the result of the first fit (that is
aRSI,norm ·∆relCSpart + bRSI,norm) in different bins of ∆relCSref . The centers of the ∆relCSref bins
are fitted as a function of these averages. This second fit is forced to go through the origin in order to
avoid the introduction of a bias for low circumsolar contributions or CSRs. Hence, only an additional
factor cRSI is determined in this second fit.
The result after the application of both regressions is the circumsolar contribution derived from the
RSI
∆relCSRSI = cRSI · (aRSI,norm ·∆relCSpart + bRSI,norm). (5.7)
All five parameters of this equation depend on αin and αout = 3.2
◦. The circumsolar ratio CSR(3.2◦)
is obtained for αin = αdisk.
As the spread of the derived ∆relCSRSI increases with ∆relCSref , ∆relCSref values above a
selected αin specific limit are excluded from the regression. The selected upper limits for ∆relCSref
are: 0.1 for αin = αdisk; 0.15 for the FOV of the Cimel sun photometer (0.64°) and αin = 1◦ and 0.07
for αin = 2.5
◦.
5.2.3 Optimization of the parameters
The determination of the parameters starts with the definition of possible intervals of the parameters
such that their purpose is fulfilled within the complete interval. Then the algorithm is applied with
various combinations of the parameters and the Pearson correlation coefficient, PCC, of ∆relCSRSI
and ∆relCSref is determined for each combination. As the algorithm fails at times to determine
the circumsolar indicator Cind(αin, αout), also the number of failures, Nfails, is determined for each
parameter set. The number of failures changes with fedge. Finally, the best parameter set is selected
from the sets with the highest PCCs and smallest Nfails. Using the RMSD instead of the PCC as
criterion yields basically the same result. The PCC is preferred because the RMSD falls with increasing
Nfails.
The same selection for the parameters fedge, Nsky and fcircum,off is used for all different inner
boundary angles for the circumsolar region. The optimization of the first three parameters is carried
out for αin = 1
◦. The parameter Ncircum is optimized for each inner angular limit separately.
Selection of fedge, fcircum,off and Nsky
The selection of the optimization intervals starts with fedge which is required to select the parts of the
well for the linear regressions. Five bursts with CSRs between 0.005 and 0.3 are selected as test cases
and fedge is varied between 0.9 and 1. It is found that the regressions are too steep for fedge > 0.95. For
0.94 and lower values visually good agreement is found. For values below 0.9 it happens increasingly
often that less than three points are available for the regression. Thus, the optimization works with
fedge between 0.95 and 0.9 in steps of 0.01.
The second parameter fcircum,off is first varied between 0.95 and 1 in combination with ten
equidistant settings for fedge between 0.91 and 1. The found position of the circumsolar indicator
Cind(αin, 3.2
◦) for fcircum,off < 0.97 is far outside from the minimum of the well. The simulated
bursts for different CSRs did not deviate strongly from each other for these positions. Hence, the
purpose of the parameter is not fulfilled for fcircum,off < 0.97. Even for fcircum,off = 1 no obviously
wrong result for the position of Cind(αin, 3.2
◦) is found. Thus, 0.97, 0.98, 0.099, 0.995 and 1 are tested
for fcircum,off .
Nsky has to be set such that the band blocks approximately the same sky radiation as during the
measurements of the circumsolar indicator Cind(αin, 3.2
◦), but not the circumsolar radiation. Thus,
the band position corresponding to Nsky should be far enough away from the minimum of the burst to
allow that the circumsolar irradiance reaches the sensor. This is only the case if the distance between
the center of the sun and the shadowband position is greater than the sum of the RSI’s FOV and
3.2°. This sum can be estimated as 6.06° (with the estimated FOV 2.86° as stated in the discussion
of Fig. 5.7). The well width corresponds to twice the RSI’s FOV plus the full solar disk angle (i.e.
approximately 6.3°). This estimation results in the minimum of 1 for Nsky.
Measuring the blocked sky radiation close to the minimum of the burst might lead to confusion
between sky irradiance and circumsolar irradiance. Moreover, the radiance falls steeply with the angle
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Figure 5.10: Pearson’s correlation coefficient (PCC) and failure rate for the 100 parameter sets with
the highest PCC and inner boundary angle αin = 1°.
and thus the error caused by a too small value of Nsky is higher than the error caused by too high
values. Thus, also higher values of Nsky are considered. As first tests show that the algorithm is rather
insensitive to changes of Nsky, the values 1, 1.2, 1.4, 2, 4, 10 and 20 are processed for the selection of
the first three parameters.
The number of values Ncircum used for the calculation of Cind(αin, 3.2
◦) is varied between 1 and 70.
Ncircum refers to the resolution of the interpolated well (Ncircum = 70 corresponds to seven points of
the original resolution of the burst). The average well width of all bursts used for the optimization with
solar elevation above 70° is 14 (original resolution). Hence, Ncircum = 70 corresponds to approximately
3.15°, which is sufficiently high compared to the inner boundary angle for this first optimization step
(1°). Below 20, steps of 5 are used for Ncircum; steps of 10 are used above 20.
Finally, 2100 combinations of the four parameters are processed for the first optimization step.
Only measurements with DNI above 150 W/m², GHI above 10 W/m² and solar elevation angles above
5° are used. The RSI derived irradiance values are used without the application of correction functions
for instrumental systematic errors. For the selection of the datasets the uncorrected accuracy of the
RSI is sufficient.
Figure 5.10 presents the PCC and the failure rate of the sets with the highest PCCs. The average
of the 2100 PCCs and the standard deviation of the PCCs are also included in the graph. The average
is only about 0.025 below the maximum PCC. The estimations of the parameter ranges excluded badly
performing combinations. Furthermore, also the failure rate is shown. The failure rate is defined as the
ratio of the number of bursts for which the algorithm did not deliver a result divided by the number of
all bursts that were compared to the reference values in the optimization. The minimum failure rate
for the processed months corresponds to 2.6 % of the evaluated bursts. The maximum failure rate is
reached for the minimum option for fedge and corresponds to 4 % of these bursts. The change of the
failure rate in the group with the highest PCCs is remarkable. Set number five is selected as a tradeoff
between the maximum PCC and the minimum number of failures. The failure rate is 2.7 % for the
selected dataset and the optimization set; the PCC is 0.909.
Optimization of Ncircum and linear regressions
The optimization of the parameter Ncircum is performed for all four selected inner boundary angles
(disk angle, the FOV of the Cimel sun photometer (0.64°), 1° and 2.5°) with fixed settings of fedge,
Nsky and fcircum,off for parameter set five from the last paragraph. Values for Ncircum between 5
and 100 in steps of 5 are tested and the set with the minimal PCC is selected. The upper limit of the
optimization interval is increased because now also the inner angle 2.5° is investigated. The number
of failures does not change within the datasets as fedge is held constant. Table 5.1 shows the resulting
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αin PCC RMSD
αdisk 0.775 0.064
FOVCimel 0.884 0.023
(0.64°)
1° 0.909 0.016
2.5° 0.914 0.004
Table 5.1: Performance parameters of ∆relCSRSI(αin, 3.2
◦) after the second optimization step for the
optimization dataset.
PCC and RMSD of ∆relCSRSI(αin, 3.2
◦) and the reference for four inner angles. The RMSD and the
PCC increase continuously with the inner boundary angle. The PCCs and the RMSDs change only
negligibly when increasing or decreasing Ncircum by 5. The optimum of Ncircum increases with the
inner boundary angle as expected from the relation between the point number in the well an the angle.
5.2.4 Validation and discussion of RSI based circumsolar radiation mea-
surements
In order to estimate the quality of the RSI derived measurements of the CSR and the circumsolar
contribution, the results from the RSI algorithm are compared to data from the SFERA system that
were not used for the development of the code. Every second month starting with May 2011 to
November 2012 is used. As for the optimization of the parameters, only measurements with DNIs
above 150 W/m², GHIs above 10 W/m² and solar elevation angles above 5° are used.
In Fig. 5.11 the CSR from the RSI is compared to the results from the SFERA system. The same
visualization as for the BPI sensor is used. The color shows the absolute frequency of the corresponding
bin. The average, the standard deviation and the RMS of the difference CSRRSI − CSRref are
calculated for CSRref intervals that are indicated by the vertical grid lines. The averages of these
differences plus the central values of the corresponding CSRref intervals are shown as crosses. The
RMSD and the standard deviation are shown as error bars.
While the CSRs are close to each other when CSRref is below 0.05, high underestimation is found
for CSRs above 0.075. For the smallest CSR bin a small overestimation is present. The averages of
CSRRSI in the shown bins of the reference data only increase slightly for CSRref > 0.075. Only
little improvement can be reached by applying additional non linear corrections. For the optimization
dataset, the increase of CSRRSI for CSRref > 0.075 is even less pronounced.
Apparently, high CSRs cannot be measured accurately with the described algorithm. This seems
to be a consequence of the penumbra function’s width. The RSI’s slope angle is about 1.1° and the
limit angle 4.6°. Hence, radiation from a quite broad angular region is partially detected. With a much
smaller diffusor disk the CSR might be measured more accurately. Such modifications are not tested
in this thesis for two reasons. First, the objective of the RSI based method development is to measure
circumsolar radiation without additional hardware and without modifications of the RSI. Modifications
of the RSI could affect the uncertainty of the DNI measurement, which is the main purpose of the
RSI measurements. Second, the circumsolar contribution can be measured with the RSI as shown in
the following. As discussed in section 4.4.4, not only the CSR but also the circumsolar contribution is
correlated with the intercept factor.
The RSI derived circumsolar contributions for inner boundary angles 0.64°, 1° and 2.5° are plotted
as a function of the reference values in figures 5.12, 5.13 and 5.14. The scatter plots for the circum-
solar contributions show several similarities. In all three cases, the averages within the first three
reference intervals are close to the reference. For the smallest interval overestimation is found. For
higher circumsolar contributions underestimation is found. The underestimation for the circumsolar
contributions is far less pronounced than for the CSR and only occurs for reference intervals with low
frequency.
The RMSDs of the results for the test months are nearly identical to the RMSDs for the optimization
period presented in Tab. 5.1. The RMSD for the CSR is slightly smaller (0.058 instead of 0.064). Also,
the corresponding scatter plots for the circumsolar contributions and the CSR for the optimization
period are similar to the graphs presented here for the test period. The failure rate for the test dataset
is lower than for the optimization (2 % instead of 2.7 %).
The RMSDs increase with increasing inner boundary angle. This corresponds to the visual impres-
sion from the scatter plots in figures 5.11 to 5.14.
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Figure 5.11: Comparison of RSI derived CSRs to the reference from the SFERA system for the test
period with DNIs above 150 W/m², GHIs above 10 W/m² and solar elevation angles above 5°. The
color shows the absolute frequency of the corresponding bin. The standard deviation and the RMS of
the difference between reference and test value are shown for CSRref intervals that are indicated by
the vertical grid lines. Also the averages of these differences plus the central values of the corresponding
intervals are depicted as crosses.
Figure 5.12: Comparison of the RSI derived circumsolar contribution ∆relCS(0.64
◦, 3.2◦) to the ref-
erence from the SFERA system for the test period. A more detailed explanation of the visualization
method can be found in Fig. 5.11.
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Figure 5.13: Comparison of the RSI derived circumsolar contribution ∆relCS(1
◦, 3.2◦) to the reference
from the SFERA system for the test period. A more detailed explanation of the visualization method
can be found in Fig. 5.11.
Figure 5.14: Comparison of the RSI derived circumsolar contribution ∆relCS(2.5
◦, 3.2◦) to the refer-
ence from the SFERA system for the test period. A more detailed explanation of the visualization
method can be found in Fig. 5.11.
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In order to further evaluate the found systematic errors of the RSI derived CSRs and circumsolar
contributions for broad sunshapes, histograms are presented in the following. In the scatter plots
from figures 5.11 - 5.14, it is difficult to estimate the overall effect of the underestimation because of
the different frequency of low and high levels of circumsolar radiation. In the histograms this overall
effect is more obvious. Furthermore, histograms might also be used to estimate the benefit of detailed
raytracing studies for a site of interest. Final conclusions should not be drawn based on such histograms
alone, as they do not relate the CSR to the DNI and the efficiency of the plant for the time of the
CSR measurement. However, a rough estimation can also be based on histograms. A more detailed
analysis will most likely increase the accuracy of the yield assessment if histograms are found that are
very different from those used for the creation of average sunshapes as the SSS and DLRMean. For
very similar histograms the error caused by the application of average sunshapes is probably small.
All data points from the scatter plots are included in the histograms. In addition, also reference
measurements are used that were not shown in the scatter plots because the RSI did not determine
a result. Therefore, the comparison of the histograms from the RSI and the reference also allows the
evaluation of the effect of the RSI’s failure rate. This is necessary for the correct interpretation of the
quality of the RSI derived histogram, because the failure rate increases with increasing circumsolar
contributions and CSRs. If no gap-filling is applied to the RSI data, this will cause an additional
underestimation of the frequency of high circumsolar contributions and CSRs. A gap-filling similar to
that from section 3.6.1 could be used to derive CSRs for failed burst analysis. This approach is not
followed here. Instead, the quality of the histograms before this gap-filling is evaluated.
Figure 5.15 presents the CSR histograms for the RSI derived data and the reference data. The
histograms are derived independently for the RSI and the reference dataset, so that the x axis has to be
read as CSRRSI for the RSI histogram and as CSRref for the reference. The RSI’s underestimation
for high CSRs is visible as in the scatter plot. In the histogram, it becomes clear that the above
discussed obvious underestimation for high CSR only affects a small fraction of the measurements.
It’s interesting to mention that the CSR histograms of the reference and the RSI are closest to each
other in a region of CSRs for that noticeable underestimation was found (CSRs from 0.1 to 0.15). The
underestimation of CSRs between 0.1 and 0.15 is compensated by erroneous measurements of higher
CSR above 0.15. Bins for CSRs between 0.025 and 0.1 are more frequent for the RSI data because of
the RSI’s underestimation for high CSR. The overestimation of the RSI’s CSR for CSRs below 0.05
results in lower frequencies for the smallest CSR bin and also contributes to higher frequencies for the
second and the third bin.
The shapes of the CSR histograms from the RSI and the SFERA system are similar, and the
frequency falls rapidly with the CSR in both cases. The deviations between the histograms partially
cancel out. For example, the disk DNI weighted average CSR for the RSI histogram is 0.024, which is
close to the weighted average for the reference histogram (0.026).
The histograms for the circumsolar contribution ∆relCS(0.64
◦, 3.2◦) from the reference and the RSI
are shown in Fig. 5.16. A shift towards smaller intervals is found compared to the CSR histograms and
the deviations between the histograms are smaller than for the CSR. The agreement of the histograms
for ∆relCS(0.64
◦, 3.2◦) between 0.2 and 0.25 can be understood in the same way as that for the CSR
bins between 0.1 to 0.15 - one underestimation compensates the other. The deviation of the RSI
and the reference histograms for the circumsolar contributions with inner boundary angles 1° and 2.5°
are smaller than in the two presented cases from figures 5.16 and 5.15. The deviations between the
histograms decrease with increasing inner boundary angle.
The difference between the RSI and the reference histograms is much smaller than the deviation
of the histograms for Masdar and PSA that were presented in section 3.6.2. Such deviations between
different sites of interest can be distinguished by the RSI based measurements. However, care has to be
taken for the correct interpretation of CSR histograms if high CSRs are more frequent due to the RSI’s
underestimation. The measurements of the circumsolar contribution should be preferred especially in
such cases.
5.2.5 Summary of the RSI based method and comparison to other sunshape
measurement techniques
The developed RSI algorithm allows the calculation of the circumsolar contributions for different
angular intervals around the sun. Thus, one optional parameter for circumsolar radiation for yield
analysis calculations can be collected with RSIs. The CSR can also be determined, but a lower
accuracy is achieved compared to that for the circumsolar contributions and high deviations are found
for CSR above 0.075. RSI derived histograms for the CSR and the circumsolar contribution are close
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Figure 5.15: Histograms of the CSRs from the RSI and from the SFERA system. All data from the
test period with DNIs above 150 W/m², GHIs above 10 W/m² and solar elevation angles above 5°.
Figure 5.16: Histograms of the circumsolar contribution from the RSI and from the SFERA system
for the dataset from Fig. 5.15.
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to the reference.
The knowledge of the circumsolar contribution for at least two different inner boundary angles
brings along the possibility to calculate the sunshape with some simple assumptions. For example,
one can assume a constant disk sunshape and an aureole radiance profile that can be described by a
power-law function. However, these sunshapes will not be as accurate as sunshapes from the SFERA
system. Also a possible three pyrheliometer version of the BPI sensor is expected to reach a higher
accuracy than the RSI based method.
On the other hand, the RSI based method results in significant reductions of maintenance efforts
and investment costs compared to sunshape measurement systems that use cameras or various pyhe-
liometers with different acceptance angles. In future, RSI stations can be used to measure circumsolar
contributions at remote sites. The RSI based method is currently the only circumsolar radiation mea-
surement that does not require daily maintenance. This advantage overcompensates the lower accuracy
of the method compared to the SFERA system and the BPI instrument for remote sites.
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Chapter 6
Conclusion
Depending on the atmospheric conditions, a considerable fraction of solar radiation is scattered to-
wards the circumsolar region. Circumsolar radiation is only partially used by concentrating collectors.
Therefore, it has to be considered for yield assessment and performance evaluation of CSP plants.
No information on circumsolar radiation is available for some geographic regions that are currently of
interest for CSP projects. Hence, sunshape measurement systems were developed and measurements
from two sites were evaluated in this thesis.
The first milestone was the development and analysis of the SFERA sunshape measurement sys-
tem. The system consists of the SAM instrument, a sun photometer and post-processing software.
The SAM instrument only measures the spectral radiance within the sun disk and from approx. 0.5°
to 7° and is therefore not a complete sunshape measurement system. One of the tasks of the post-
processing software is to transform the spectral information to broadband sunshapes that are required
for CSP applications. This step involves radiative transfer calculations with the software SMARTS
based on sun photometric measurements. Due to this spectral correction, the spectral CSR was in-
vestigated in the framework of a detailed uncertainty analysis. The overall uncertainty of the SFERA
system is a significant improvement compared to previous measurement systems, e.g. the former DLR
sunshape camera. The absolute uncertainty of the CSR increases nearly linearly from 0.005 to 0.035
for CSRs below 0.2. For higher CSRs the uncertainty increases less steep to about 0.055 for CSRs of 0.4.
One and a half years of measurements with the SFERA system from PSA were evaluated in this
thesis. Masdar Institute installed a replica of this system and provided approximately one year of
measurements for this work. The raw data from the systems from PSA and Masdar are available
online and can be used also for other studies, be it for solar energy applications or atmospheric science.
CSR histograms and average sunshapes were created for the two sites and the results were compared to
previous measurements. The weighting method of the underlying sunshapes turned out to be of central
importance for the creation of average profiles. Weighting with the disk DNI or the central radiance
is required. A gap-filling method was developed that used estimations of the slant particle optical
depth derived from pyrheliometer data. The SFERA average sunshape for the exemplary year from
PSA is similar to the standard solar scan (SSS) and to the weighted average of previous measurements
with Neumann’s camera system. Its CSR is CSR(α¯disk, 3.2
◦) = 0.046. The average sunshape for the
exemplary gap-filled dataset from Masdar is much broader than the existing average sunshapes and
the result for PSA (CSR(α¯disk, 3.2
◦) = 0.091).
The measurements from the two SFERA systems were also used for raytracing studies for exemplary
CSP plants. EuroTrough plants and tower plants were modeled at PSA and Masdar Institute in
SPRAY. The matched specification of the DNI and the sunshape for the two sites was investigated. It
was found that 7° as outer limit angle for both the DNI and the sunshape leads to acceptable accuracy
for the EuroTrough collector and the exemplary tower plants. Working with lower outer boundary
angles or unmatched specification of the angular limits for the DNI and the sunshape can lead to
noticeable errors for sunshapes with high CSR.
Significant errors occur when calculating with so-called standard sunshapes instead of measurements
for the instantaneous received power and also for the daily and the annual heat that is provided to the
power block. Raytracing with a disk sunshape leads to overestimation of the annual yield for both sites
and both technologies compared to the sunshape time series. Overestimation of 1.6 % was obtained
for the tower at PSA and 3.9 % for Masdar Institute. Even for the troughs the overestimation was
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noticeable when calculating with the disk sunshapes. Approximately 0.5 % overestimation occurred
for PSA and 1.1 % for Masdar.
A remarkable overestimation was also found for the tower plant at Masdar when calculating with
existing average sunshapes as the SSS or the sunshape DLRMean. The overestimation was 1.7 % for
DLRMean and 2.1 % for the SSS.
For the tower at PSA, calculating with the average sunshapes results in relatively small deviations
from the yield for the sunshape measurements. The deviations at PSA depend also on the overload
dumping. If no overload dumping is necessary due to a huge storage and robust receiver, the annual
yield for the SSS is close to that from the measurements. Using DLRMean leads to underestimation of
the annual yield by -0.8 %. After the overload dumping overestimation is found for the selected plant
design in both cases (0.7 % for the SSS, 0.5 % for DLRMean).
The deviations of the annual yield for the trough in Masdar are smaller than for the tower. The
SSS results nearly in the same annual yield as the sunshape measurements and DLRMean causes
overestimation of about 0.4 %. For PSA, average sunshapes lead to underestimation of up to -0.4 %
after overload dumping and -0.7 % before overload dumping.
The underestimation for the trough at PSA illustrates that raytracing with standard sunshapes
does not only lead to errors for sites with high levels of circumsolar radiation, but also at very clear
sites. The maximum error for such sites compared to assessments with the SSS or DLRMean is given
by the difference between the results for these average sunshapes and those for the disk sunshapes that
were also presented in this thesis.
Circumsolar radiation decreases the annual variation of the daily yield at PSA, while it increases
the variation for Masdar.
Based on the raytracing result, parameters for the description of the effect of circumsolar radi-
ation on the exemplary plants were studied. The CSR and also the circumsolar contribution (e.g.
∆relCS(0.64
◦, 3.2◦)) are promising parameters for simple models for the description of the circumsolar
radiation on the efficiency of CSP plants. When restricting the analysis to a small range of incidence
angles or solar positions, a linear relation between the intercept factor and these parameters was found.
Based on the found deviations between raytracings with measured sunshapes and standard sun-
shapes, it can be concluded that circumsolar radiation measurements should be included in solar
resource assessment, plant design, yield assessment, plant operation and CSP performance tests. Stan-
dard DNI measurements referring to the recommended slope and limit angles should always be carried
out for the solar resource assessment. Such measurements can come for example from pyrheliometers
or RSIs. Circumsolar radiation should be measured as an additional parameter.
In the best case, the circumsolar radiation measurements are represented by sunshape measure-
ments. However, also the measurement of the CSR or the circumsolar contribution can be sufficient and
often this is the only feasible option. With the SFERA sunshape measurement system, the sunshape
data can be provided in principal, but some practical restrictions of the SFERA system have to be
considered. Its high costs, the required infrastructure and especially the high maintenance efforts do
not allow its application in solar resource assessment in many cases. Hence, alternative measurement
systems were investigated in this thesis and compared to the SFERA system.
One of the tested systems is the commercially available Black Photon Instruments CSR460 sensor.
It uses two pyrheliometers with different penumbra functions. The relative deviations between the two
pyrheliometers agree well with the relative deviations expected from the SFERA measurements. Also a
method to derive the CSR from these deviations was tested. The accuracy of this CSR determination
is lower than for the SFERA system as the involved Buie sunshapes are steeper than most of the
measured sunshapes. Better results could be achieved with more sophisticated standard sunshapes
or a three pyrheliometer setup. Three pyrheliometers would allow the calculation of two circumsolar
contributions, which is sufficient for the determination of the power-law slope of the aureole.
Solar resource assessment also involves measurements at remote sites where even simple mainte-
nance as daily cleaning is not possible. Since daily cleaning is recommended for pyrheliometers, remote
stations are often equipped with Rotating Shadowband Irradiometers (RSIs). Hence, an algorithm was
developed that allows the determination of circumsolar contributions from the RSI’s irradiance mea-
surement during the rotation of the band. This method does not require hardware changes and does not
have an influence on the primary objective of the RSI, the DNI measurement. The RSI algorithm also
delivers CSRs, but a low accuracy was found for this application. However, the optical performance of
the exemplary CSP plants can also be calculated from the RSI derived circumsolar contribution.
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Three sunshape measurement methods are now available. The selection of the instrument has
to consider not only the accuracy and the delivered data, but also the individual conditions at the
measurement site. All three systems can be used to determine circumsolar contributions, CSRs and
sunshapes, but only the SFERA instrument measures the solar radiance profile directly. Sunshape
determination with the other two options involves further modeling and assumptions on the shape of
radiance profile. The accuracy of the systems increases with the investment and maintenance effort.
The most accurate option is the SFERA system and the RSI system is the only system that can be
used at remote sites without daily maintenance.
In the future, the available sunshape measurement methods should be used at many sites in order
to create a bigger circumsolar radiation data base. Measurements are most important at sites were no
sunshape information is available so far. However, also longer sunshape time series are required for
some applications. For example, the interannual variability of circumsolar radiation should be studied.
Furthermore, longer sunshape time series are also of interest for the development and the validation
of modeled circumsolar radiation data or satellite based estimations.
In order to facilitate the creation of more sunshape measurements, further developments are rec-
ommended that reduce the costs and maintenance efforts. For the SFERA system, the uncertainty
without AERONET data should be studied. Application of data from a simple sun photometer or esti-
mations of the aerosol properties could reduce the costs noticeably. Also, the manufacturer calibration
should be improved so that the time consuming post-calibration can be avoided. For the RSI based
method, future work should focus on the definition of the required calibration period. The calibration
is the basic cost factor for this method. Furthermore, it has to be investigated how the optimization
and the complete calibration differ between different RSIs. The three pyrheliometer setup for the BPI
sensor should be used in order to derive the circumsolar contributions for different inner boundary
angles and the corresponding power-law aureoles. The quality of the thus derived sunshapes has to be
tested. Also the development of more sophisticated sunshape models that can be used to determine
a sunshape for a given circumsolar contribution and other available information (e.g. DNI or slant
particle optical depth) is of interest. This could allow the CSR measurement with a two pyrheliometer
setup.
For concentrating photovoltaics also further analysis of the spectral sunshapes is required. The
spectral variation of the CSR was investigated in this thesis because of its influence on the uncertainty
for broadband information. However, the further analysis of the determined spectral CSRs was not
included, as there is no need for this information for CSP applications.
The effect of circumsolar radiation on more plants and for more exemplary sunshape datasets should
be investigated. In future, the operation strategy should consider circumsolar radiation. For example,
defocusing of heliostats and wide aimpoint distributions might not be necessary in order to avoid too
high peak fluxes at the receiver if the sunshape is broad anyway. Also the plant optimization should
be carried out including circumsolar radiation data.
Finally, and highly important, the correct processing of time series of circumsolar radiation data
has to be implemented as standard option in existing CSP plant models, in order to allow users the
routinuous treatment of circumsolar radiation. Together with the now available sunshape measurement
systems, this will further improve the accuracy of CSP plant yield assessment.
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Appendix A
Main properties of the discussed
sunshape measurement systems
The following table summarizes the main properties of the three sunshape measurement systems that
directly determine the sunshape. The main references for the systems are Grether et al. [1975] for the
LBL instrument, Neumann and Von Der Au [1997] for the DLR sunshape camera and DeVore et al.
[2009] for the SAM based SFERA system. If other references are used, these references are specified
in the table. The LBL instrument is also described in section 2.4.1. The DLR sunshape camera is
presented also in section 2.4.2 and the SFERA system in chapter 3.
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Appendix B
Coordinates and instrumentation of
the meteorological stations
DLR-PSA’s meteorological station currently uses a K&Z 2AP solar tracker equipped with a K&Z
CHP1 pyrheliometer (Kipp & Zonen [2008c], Kipp & Zonen [2008b]). Until 22/12/2011, a K&Z CH1
(Kipp & Zonen [2009]) was used for the DNI measurement. The tracker is equipped with a sun sensor.
Temperature and relative humidity are measured with a Campbell Scientific CS215 (Campbell [2006]).
Atmospheric pressure is measured with a CS100 (Campbell [2007]). The instrument signals are logged
with a Campbell Scientific CR1000 data logger (Campbell [2005]).
PSA’s SFERA system was moved approximately 500 m towards the west in July 2012 after the
construction of the new module of the METAS station. METAS is the meteorological station for solar
technology which is operated jointly by CIEMAT and DLR. The tracker and the auxiliary equipment
stayed at the PSA Distal station. The coordinates of both stations are given in Tab. B.1.
PSA Distal PSA METAS Masdar-RSI Masdar-tower
latitude [°N] 37.0909 37.0916 24.41973 24.4418
longitude [°W] 2.3581 2.3636 -54.6128 -54.6166
altitude [m] 500 503 7 9
Table B.1: Coordinates of the meteorological stations.
The processing of the measurements from Masdar also involved two measurement stations for
the auxiliary parameters. Before July 2012, measurements from a RSI station were used in 10 min
resolution. The RSI is a Reichert RSP 4G. The instrument was calibrated and systematic errors were
corrected according to Geuder et al. [2008]. DNI data measured after July 2012 come from an EKO MS-
54 pyrheliometer (EKO [2007]) mounted on a K&Z solar tracker. Ambient temperature and relative
humidity were measured with a Campbell Scientific CS215. Barometric pressure is obtained from
the AERONET data. Both stations in Masdar use CR1000 data loggers. The SAM instrument was
operated close to Masdar Institute’s beam down tower. On February 6, 2013 the SAM was moved to a
new measurement platform some meters from its first position. Whenever available, AERONET level
1.5 data from the co-located AERONET station is used. Otherwise AERONET data from Mezaira is
used. Due to a defect 870 nm filter of Masdar’s sun photometer, this channel was excluded from the
evaluation.
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Appendix C
SAM calibration results for the
870 nm filters and Masdar
Institute’s replica
The following tables summarize the calibration results for PSA’s SAM unit when used with the 870 nm
filters and those for Masdar Institute’s SAM unit. The calibration procedure and the results are
described in section 3.4.
first day of calibration period ρdisk,Aero/SAM standard deviation COV
[yy-mm-dd] [-] [-] [-]
11-04-01 1.112 0.060 0.054
12-11-24 1.089 0.023 0.021
13-01-01 1.086 0.027 0.025
13-03-01 1.087 0.031 0.028
Table C.1: Results of the disk calibration for the 670 nm filter of Masdar’s SAM 402.
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